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ABSnUCT 


Contract  ob^tiTca  called  for  an  analytic  and  experinentiLL 
inreatigation  of  techniques  whereby  an  efficient  and  lightveii^t 
power  coirrersion  unit  can  be  provided*  The  conversion  unit  la 
to  be  used  to  svqpply  high-frequency  electric  power  to  accelerate 
plasaas  in  an  electric  propulsion  engine*  Various  conversion 
and  power  generation  techniques  were  reviewed  in  the  early  part 
of  the  stuK^  befoM  approaches  and  concepts  were  established* 

In  addition  to  the  converter  concepts,  an  additional  investiga¬ 
tion  of  high-frequency  power  generation  was  performed*  After  the 
prelininaiy  investigrtion,  an  analysis  of  possible  approaches  for 
conversion  of  60  Ctf  of  SKA?  8  type  of  power  and  300  KW  of  SPUR  ^ipa 
of  power  was  made  and  conceptual  desi^s  established*  Three  con¬ 
verter  techniques  in  addition  to  a  hi^-frequency  ger^rator  con¬ 
cept  were  evaluatedi  namely,  a  motor-generator  unit,  a  static 
tramistor  unit  and  a  static  toba  unit* 

Parametric  data  was  derived  and  is  included  in  this  report 
to  show  eoitqx)nent  losses,  sise  and  weight*  Problem  areas  under 
each  conversion  technique  have  been  outlined  and  areas  for  future 
applied  research  recomnended* 


POBLICATIOH  REVIEW 


The  content  of  this  report  represents  the  scientific  flndli^i 
of  an  Air  Force  sponsored  program*  Publication  of  this  technical 
documentaiy  report  does  not  constitute  Air  Force  approval  of  the 
findings*  It  is  published  only  for  the  exchange  and  stimulation 

of  ideas* 


TABI£  OP  COfrorFS 


Section 


I 


n 

ni 

IV 


? 

VI 


t 

brsoductiok 

1 

HiOGRAM  SinOfARY 

2 

HIOH-jPBfiQUENCT  POWBl  OSNERATION  TBCSUQOBS 

Ik 

£I£CIR0MM}NETI0  cbsnbratgrs 

ELSCTROSTATZC  aEaflERJOORS 
rotary  OQUVERTSR  raCHHIQUBS 

STATIC  CONVERTER  TECENI^UBS 

Ik 

29 

33 

34 

CONCEPTUAL  CONVERTER  DESICKS 

62 

STATIC  TRANSIsra'  CONVERTER  BSniffllS 

STATIC  TUBE  CONVERTER  DB3IDH& 

MOTOR-GENERATOR  DESIGN  COMCFHT 

63 

88 

U1 

HIOH-FRE(4UERCY  OSNHIATOR  CONCL?r 

136 

RELATED  STUDIES 

154 

ENVIRONMENT 

APPROACH  TO  SJ^TEM  COOUKG 

ANALYSIS  OP  MATERIALS 

RADIATION  RESISTANCE  OP  CONVERTER  COMPONEWS 
RELlABILm 

154 

159 

176 

197 

205 

EXPERIMENTAL  STUDIES 

209 

C0NCWJ3I0NS  AND  iuSOOMMENDATIONS 

24l 

BIBLIOGRAPHY 

245 

APPEarow 

247 

TRANSFORMER  DESIGN  ANALYSIS 

ANALYSIS  OF  SCR  FREQUENCY  POWER  CONVERTER 
TRANSISTOR  POWER  CAPABILITIES 

249 

252 

256 

111 


usT  OF  iiuasTRinim 


JSSBSSmSSi 

u 

2. 

h. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

Hi. 

15?. 

16. 

17. 

18. 


TnOt  PiCHC 

ConpMriaoa  of  ts.  Freqaenej  tor  60  KVT  and  300  h 

Cosnforter  IMta. 

Coa^arlson  of  Effioien<7  ts.  Fi^equmey  for  60  KV  mi  300  $ 

XW  Conrertar  Units. 

CoiiQjarisoa  of  Weight  and  Effieienqj  vs.  F^requencj  for  7 

Righ-Frequtticj  Generator. 

inalTsls  of  ^Tstem  Weight  vs.  Tonperature  for  60  Ktf  8 

CoixTerters. 

inalyais  of  Sjsten  Weight  vs.  Teiiq;>erature  for  300  KV  9 

Comrex^tert  • 

Analysis  of  ^sten  V/eight  vs.  Tenqperature  for  Hig^  11 

Frequency  Generator. 

Con?)ariaon  of  High  Frequenqr  {$0  to  200  KC)  Generator  12 
vith  SPUR  lype  Generator  Plus  Static  Convex^er  Unit. 

Wei^t  TS.  Frequency  Comparison  of  High  Frequency  13 

(50  to  200  KC)  Generator  with  SRJR  l^e  Generator 
^us  Static  ConTei*ter  Unit. 

Power  TS.  Frequency  for  Rotating  Generators.  16 

Estimated  Weight  vs.  Frequency  for  Rotating  Generators  17 

Electromagnetic  Generator  Concept  (Perspective)  18 

Generator  Concept  "A".  19 

Generator  Concept  **8".  21 

Generator  Concept  "C".  22 

Flux  Switch  Generator  C(^ept  ”D".  23 

Generator  Concepts  ”E"  and  ”F".  2$ 

Specific  Weights  of  Practical  Electrostatic  and  30 

Electromagnetic  Designs. 

Electrostatic  Generator  Techniques.  31 

Cor^jarison  of  Semiconductor  Devices.  y$ 


iv 


19. 


LIST  OF  ILIUSTRATIGKS(CoatiiiOid) 


yroofffi  wo,  titls  pjm 

20*  SCR  Frequency  Chager  Teohnlqusa*  37 

21*  SCR  Inverter  Schemes*  39 

22,  Transistor  Inserter  Techniques.  Ill 

23«  Hi^  Voltage  Dual  Transformer  Conveirter.  i|2 

22;.  Other  Inverter  Schemes.  Ul 

29.  HF  Generator  Tube  System  Schematie.  !j9 

26.  Basic  RF  Generator  Tank  Circuits.  $0 

27.  Power  Supply  Rectifier  Circuits  for  RF  Generator.  53 

28.  RF  Tubes  Available  for  Oscillattu'  Use.  $h 

29.  Magnetic  Multiplier  Techniques.  $6 

30.  Transformer  Parameter  Analysis.  60 

31.  60  KW  Static  Transistor  Converter  (Perspective)  6Ii 

32.  Preliminary  Schematic  of  60  KW  Static  transistor  Iffm  67 

33*  Preliminary  Schematic  of  6C  KW  Static  Transistor  30^  68 

3h.  Prelimlnaxy  Schematic  of  300  KW  Static  Transistor  1^,  73 

35.  Preliminary  Schematic  of  300  KW  Static  Transistor  30» 

36.  Preliminary  Mechanical  Design  of  60  KW,  10,  200  KC  79 

Static  Transistor  Converter  (laical  of  50  and  800  KC 
Designs. 

37.  Preliminary  Mechanical  Design  of  60  KW,  30,  200  KC  00 

Static  Transistor  Converter  (lypicol  of  50  and  800  KC 
Designs. 

38.  Preliminary  Mechanical  Design  of  300  KV;,  10,  2CX)  KC  81 

Static  Transistor  Convertor  (lyplcal  of  50  and  800  KC 
Designs. 


LIST  OF  milSmtlOKSCContimaed} 


FXGOKE  NO* 

TITLB 

PAca 

39. 

PreliminaTT’  Mechanical  Design  of  300  KW«  30,  200  WO 

Static  Transistor  Converter  (l^pieal  of  50  and  800  SO 

Designs. 

62 

ho. 

^rmal  Flow  Diagram  for  Static  Transistor  Converter. 

85 

Ul. 

Thermal  Flow  Diagram  for  60  KVT  and  300  Ktf  Static 

Transistor  Converter. 

86 

h2. 

Analysis  of  System  Weight  vs.  Terperattire  for  Static 
Transistor  Converter  KW  and  300  KW). 

87 

Ii3. 

Static  Tube  Converter  Unit  (Perspective). 

89 

Preliminary  Schematic  of  Static  Tube  10  Converter. 

91 

Frellmlnaiy  Schematic  of  Static  Tube  30  Converter. 

92 

h6. 

Thyratron  Ctmtrol  Technique. 

96 

h7. 

Preliminazy  Mechanical  Design  of  60  KW,  10,  200  KC  Static 
Tube  Converter  (laical  of  50  KC  and  800  KC). 

101 

1^8. 

Preliminary  ?^achanlcal  Design  of  60  KlrJ,  30»  200  KC  Static 
Tube  Converter  (laical  of  50  KC  and  800  KC). 

IDh 

19. 

Preliminary  Mechanical  Design  of  300  KW,  10.  200  KC  Static 
Tube  Converter  (T^rplcal  of  50  KC  and  800  KC;. 

105 

50. 

Preliminary  ffechanical  Design  of  300  TivT,  30.  200  KC  Static 
Tube  Converter  (Topical  of  50  KC  and  800  ITO;. 

106 

51. 

Analysis  of  System  Weight  vs.  Temperature  for  Static  Tube 
Converter  (60  JW  and  300  KW), 

107 

52. 

Thermal  Flow  Diagram  of  60  KW  Static  Tube  Converter, 

109 

53. 

Thermal  Flow  Diagram  of  300  KW  Static  Tube  Converter, 

110 

51. 

Motor  Generator  Unit  (Perspective). 

112 

55. 

Details  of  Basic  Generator  Concept. 

116 

56. 

NADINE  Sjmchronous  >fotor  Details, 

118 

Tl 


nST  OF  IlI^TRATXOKSCCoiitlimtd} 


PlGPRE  TO,  TITLE  FASg 

ST,  Frelininazy  Mechanical  Design  of  60  10,  SO  KC  'Motor  121 

Oenerator* 

58,  Preliminary  Mechanical  Design  of  60  KW,  10,  100  KC  Motor  122 

Generator* 

59,  Freliminaxy  Mechanical  Design  of  60  KW,  10,  200  KC  Motor  123 

Generator* 

60*  Preliminary  Mechanical  Design  of  60  KW,  30»  50  KC  Motor  12l( 

Generator  (lypical  of  100  KC  and  2CO  KC)* 

61*  Preliminary  Mechanical  Design  of  300  KW,  10,  SO  KC  Motor  12® 

Generator* 

62*  Frelininary  Mechanical  Design  of  300  rw,  10,  100  KC  Motor  129 
Generator* 

63*  Preliminary  Mechanical  Design  of  300  KW,  10,  200  KC  130 

Motor  Generator* 

6b*  Preliminaiy  Mechanical  Design  of  300  KW,  30*  KC  131 

Motor  Generator  (lypical  of  100  KC  and  200  KC), 

65,  Analysis  of  System  Weight  vs*  Temoerature  for  Motor  132 

Generator  (2  figures)  (60  KW  and  300  KW), 

66,  Thermal  Flow  Diagram  for  6C  KW  and  300  KW  Motor  Generator*  133 

67*  Efficiency  vs*  Temperature  for  a  Motor-Generator  Con-  13b 

verters* 

68*  Basic  Bigh-Frequency  Generator  Configuration  (Perspective),  137 

69,  Preliminaiy  Mechanical  Design  of  SO  KC  High-Frequency  IbO 

Generator, 

70,  Prelininary  Mechanical  Design  of  ICO  KC  High-Frequency  Ibl 

Generator, 

71,  Preliminary  T’eehanical  Design  of  200  KC  High-Frequency  lb3 

Generator, 

72,  Analysis  of  System  Weight  vs.  Temperature  for  High-Frequency  lb? 
Generator, 

73*  l^iermal  FI  w  Diagram  for  High-Frequency  Generator,  lJi8 


2JST  or  n£DSTRATIORS(CfliitiinMd) 


ncDig  wo,  nra  piog 

7ti*  Efficiency  vs*  Tenqperatnre  for  Bic^-n*eqaeney  Generetor  150 
Coaisaptm 

75*  Effielenqir  Wei^t  for  Varicos  Generator  Materials* 

76*  Vei^t  rs*  Teiis>erature  for  lOnc  80  Material*  1$3 

77*  Weight  T8«  Tenqperature  for  Siliocm  Steel*  353 

78*  Proton  Intenaily  tflth  1!/pical  Earth  Orbits*  157 

79*  inalysia  of  Cooling  System  Vel^t  vs*  System  Operating  160 

Teiiqp>eratnre* 

80*  Typical  Space  Cooling  ^tem*  161 

8l*  Space  Radiator  Design  Techniqoa*  I6l 

82*  Analysis  of  Radiator  Area  vs*  Temperature*  163 

83*  Fluid  Flow  Rate  rs*  Fluid  Temperature  Rise  of  OS-121;*  169 

81i*  Typical  Trensf  ommr  Constx*uction  Showing  Cooling  171 

Provisions* 

85*  Transistor  Cooling  Concept*  173 

86*  Transistor  Counting  Considerations*  17U 

87*  Flux  Density  vs.  Temperature  for  Various  Materials*  177 

88*  hysteresis  Loops  cf  Various  Magnetic  Materials*  179 

89*  Variation  of  Physical  and  Magnetic  Properties  of  Elcctri-  18C 

cal  Steels* 

90*  Flux  Density  vs.  Core  Lwss  for  VaT'''us  Materials,  182 

91*  Flux  Density  vs.  Core  Loss  for  Various  Materials*  183 

92*  Core  Loss  vs.  Temperature  and  Pliuc  DensU for  3-l/W  185 

Silicon  Steel* 

93*  Core  Loss  vs*  Terperature  and  Lamination  Thickness  for  186 

Various  Materials* 


viii 


UST  OF  IlJ2[STRm(»S(Cootii»i»d) 


FIGPRE  H0>  TTflZ  PAQE 

9k»  Iron  Loss  Data  for  Generator  Oeti^na*  18? 

95*  Conqparison  of  Yield  Strength  and  n.tuc  Densities*  190 

96*  Yield  Stress  vs.  Tes^erature  for  Magnetic  Steels*  191 

97*  Relative  Radiation  Tolerance  of  Various  Materials*  1^ 

98*  Radiation  Tolerance  of  Capacitors  and  Resistors*  203 

99*  Reliability  Required  for  Various  Mission*  206 

100*  Core  Loss  vs.  Frequency  for  Various  Transfomer  Materials.  211 

Id.  Core  Loss  vs.  Frequency  for  Various  Transfomer  Materials.  212 

Including  Ferrites. 

102.  Transfomer  Core  Output  Voltage  Waveforms.  21$ 

103*  TransforDier  Core  Output  Voltage  Waveforms  (Including  2l8 

Ferrites). 

lOh*  Laboratozy  Core  Loss  Test  Circuits*  219 

10$.  Laboratozy  Test  Set-up  ($0  KC).  220 

106.  Laboratozy  Test  Set-up  (100  KC  -  800  KC).  222 

107.  Laboratozy  Test  Set-up  Showing  Cores.  223 

108.  Current  Sharing  Wavefoz*ms.  22$ 

109A.  Frequency  Fcwponse  Waveforms  ($  Parallel  Transistors).  226 

i09B.  Frequency  Response  'Waveforms  ($  Parallel  Transistors),  229 

llOA.  Frequency  Response  Waveforms  (10  Parallel  Transistors).  230 

llOB.  Frequency  Response  V/aveforms  (10  Parallel  Transistors).  231 

lllA.  Frequency  Response  v;aveforms  (20  Parallel  Transistors),  232 

lllB,  Frequency  Response  Waveforms  (20  Parallel  Transistors),  233 

112.  Test  Circuit  Schematic,  236 

113.  Test  Set-up  Showing  Mounted  Transistors,  238 

111,  Test  Set-up  Shewing  Transistor  and  Instrumentation.  239 

ix 


UST  OF  IIXOSTRATIOSS  (Continotd) 


noORE  MD> 


zms 


FAGS 


135. 

ms. 

117. 


Teat  Set-up  Showing  Power  Soppliee. 

Sohauatlo  of  6o  KVf,  $0  IC,  SCa  Imrerter. 
Power-Ftequency  Materiel  Reletlonahlp  (1963). 


2lt0 

S53 

257 


z 


LIST  OP  TiB(LB5 


TABLE  HO. 

miB 

fifiS 

1. 

Sunnary  of  60  KW  Static  Translator  C<Mrrerter  Para- 
netrle  Data. 

6$ 

2. 

SuRinaxy  of  300  XW  Static  Transistor  Converter  Para- 
netrlc  Data. 

n 

3. 

Prellininaiy  Component  List  for  60  KH,  10,  Statle 
Transistor  Converter. 

75 

1. 

Prellmlnazy  Component  List  for  60  Xtf,  30«  Static 
Transistor  Converter. 

76 

5. 

Frellmlnaxy  Component  List  for  300  KV,  10,  Statle 
Transistor  Converter. 

77 

6. 

Preliminary  Coitponent  List  for  300  KVT,  Statle 

Transistor  Converter. 

*  «*  •  • 

78 

7. 

Summaxy  of  60  KW  Static  Tube  Converter  Parametric 

Data. 

90 

8. 

SiOTnary  of  300  KW  Static  Tube  Converter  Parametric 

Data. 

93 

9. 

Preliminary  Component  List  for  60  10,  Static  Tube 

Converter. 

97 

10. 

Preliminary  Component  List  for  60  KW,  30,  Static  Tube 
Converter. 

98 

11. 

Preliminary  Component  List  for  300  ITW,  10,  Static  Tube 
Converter, 

99 

12. 

Preliminary  Conponent  List  for  300  rw,  30,  Static  Tube 
Converter, 

100 

13. 

Surtnaiy  of  60  KW  I^totor-Generator  Parametric  Data. 

113 

ll. 

Summary  of  300  KW  Motor-Generator  Parametric  Data, 

Hit 

1^. 

6C  rw  Kotor-Generator  Design  Data  (10). 

119 

16. 

60  KW  Motor-Generator  Design  Data  (30). 

xi 

120 

LIST  OF  umis  (CoQtSimMi) 


mSM  90.  htlk  PA0 

17  500  KW  Motor»Q«Mr«Ur  DMign  Dtta  <10)  126 

IB  300  XV  Moior-Oeiiiir«tcr  Om10I  Dit«  (30)  127 

19  SwMxy  ot  Hlgh-fyaqnmoy  Otncrator  PnriMtrle  138 

Data 

20  Blgjb-n'aqiiaiiajr  Ganarator  Daalgn  Data  139 

21  flu— ary  of  Coolanta  I6li 

22  Aropartlaa  of  Orgaaie  Coolania  166 

23  nropartlaa  of  Inorganlo  Coolania  167 

^  Mndwa  Tnperatnra  of  Tranaf oraar  Znanlatiani  19$ 

25  Faroaniaga  Change  in  K  Hegnetio  nropariiaa  aa  202 

Raault  of  Irradiation 

26  ParaaMitrio  Data  on  Cora  TOata  213 

27  Paranatrie  Data  on  Cora  Taata  21i4 

28  Currant  Sharing  Raiulta  226 

29  Taat  InatruMntation  237 

30  Fraliadnaxy  Coaponant  Idat  for  SCR  Conrartar  2$U 


xll 


IKIRODUCTIOI 


A  need  exists  for  efficient  and  lightweight  power  converslcn  units  for  um 
with  space  power  systems  currently  being  developed.  One  of  the  several  areaui 
in  which  converters  are  needed  is  for  supplying  high-frequency,  high-voltage, 
power  to  accelerate  plasma  in  an  electric  propulsion  engine.  The  objective  of 
this  ten-month  study  effort,  which  began  15  April  1963^  was  to  analytically 
investigate  techniques  for  providing  such  specialized  power  requiTiS&ents  a2td 
to  formulate  conceptual  designs  for  both  60  IW  and  300  KVf  units.  A  second 
part  of  the  study  involved  an  analysis  of  ccsnponent  designs  for  the  generation 
of  high  frequency  electrlca  i  wer. 

Areas  of  .general  analysis  Included  rotary-mechanical,  frequency-changer, 
transformer  and  logical  combinations  of  these  converter  devices.  In  arriving 
at  specific  conceptual  converter  and  high  frequency  generator  designs, 
related  ai*eas  of  materials,  environment,  cooling,  and  rellablll-ty  were 
studied.  !IVo  areas  of  experimental  Investigation  to  support  analytic  effort 
Included  measurement  of  magnetic  core  loss  magnitude  at  high  frequencies  and 
determination  of  transistor  response  in  a  high-frequency,  power-chopper  cir¬ 
cuit. 


ftirametrlc  data  is  included  in  this  report  in  order  that  a  comparison  of 
motor-generator,  static  tube  and  static  transistor  converter  techniques  can 
be  made  in  the  frequency  range  of  50  to  800  kilocycies  and  the  power  range  of 
60  to  300  kilowatts. 

i 

Problem  areas  for  each  conversion  technique  are  analyzed  and  areis  for 
future  applied  science  research  are  recommended. 


J-Lnuscrlpt  released  by  authors,  March  15,  I96U,  for  public.ation  as  a  Tec^mlcal 
Documentary  Report. 
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PROSRAN  soma 


Tb»  imreotigation  of  teclmiqusi  for  eomrerting  poser  froa  SUP  8  aat 
SPUR  type  power  systems  for  iise  in  hl^«Tolt«ge,  Mghofrequeaey  eleetro- 
oagnetlc  propulsion  units  covered  a  variety  of  AC  to  AC  power  eonverslcsi 
iaetlu»ds.  (33)0  high  frequency  range  in  this  study  is  trom  ^0  EC  to  ^X>  KB 
and  represents  a  power  frequency  range  higher  than  that  considered  in  eea- 
ventional  power  systems.  The  expression  "hi^  frequency’*  is  not  to  bo 
ndstaJcen  for  the  H?  frequency  range  of  five  to  fifty  MC  used  in  connmiea- 
tions.)  Analysis  of  these  conversion  methods  lead  to  the  fomnlation  of 
several  techniques  which  appear  most  feasible  for  use  in  ecmvertlng  eleetrle 
power  at  these  levels  and  frequencies  to  hl^*frequeacy  (^0  KB  to  600  KB)^ 
hi^-voltage  power.  Sach  of  these  techniques  discussed  in  this  rei>ort  along 
with  conceptual  designs  for  three  specific  converter  systesm  to  meet  the  6o 
KW  and  300  KW  power  requirements.  Ihe  three  converter  designs  are:  (l)  a 
motor^generator  concept^  (2)  a  static  transistor  unit,  and  (3)  static  tuba 
cone^. 

A  second  part  of  the  stiidy  Involved  analysis  of  techniques  for  generat¬ 
ing  hi|^-frequency  electric  power  directly  from  a  turbine  shaft  output.  A 
high-frequer'  lectromagnetlc  generator  was  designed  using  a  solid-rotor, 
static-winding  technique  and  analyzed  for  use  in  meeting  the  requirements 
of  the  Work  Statement.  Parametric  data  and  design  drawings  are  included  in 
the  report  to  show  the  feasibility  of  such  a  machine. 

General  conclusions  reached  at  the  end  of  the  study  program  are: 

1.  The  trani  Istor  converter  is  lightest  in  weight  and  hlj^est  in  effi¬ 
ciency  bovh  when  considered  as  a  separate  unit  and  also  when  the 
^otal  weight  of  converter  and  cooling  system  are  considered.  Total 
weight  decreases  with  Increasixvg  temperature,  but  operating  tem¬ 
peratures  above  300®P  coolant  temperature  produce  very  little 
weight  decrease.  From  a  reliability  standpoint  300^  appears 
best. 

2.  The  high-frequency  (50  KC  to  200  KC)  generator  concept  is  competi¬ 
tive  with  the  transistorized  converter  design  belt  about  50  KC, 
but  not  above.  Even  at  frequencies  up  to  100  KC  and  above,  a 
generator  designed  with  an  output  frequency  to  match  the  require¬ 
ment  of  an  electromagnetic  propulsion  engine  to  be  drives 
directly  from  the  turbine  should  be  considered  since  the  absence 
of  a  converter  unit  lincreases  the  reliability  of  the  cosversios 
system  and  may  be  worth  the  additional  weight  in  this  frequency 
regime.  C(Koparlson  of  a  turbine-driven  generator  with  an  output 
in  the  50  KC  to  200  KC  range  with  a  low  frequency  generator  plus 

a  converter  is  made  later  in  thia  section. 

3.  The  motor-generator  converter  is  also  competitive  with  the  tran¬ 
sistorized  converter  at  the  50  KC  level,  but  gets  decidedly 
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heavier  at  the  higher  frequencies.  Ihe  rellahlllty  of  a  notor- 
generator  unit  with  its  high  temperature  capability  over  a  multi- 
transistor  converter  unit  vlth  temperature -limited  transistors 
should  be  considered  at  the  50  KC  to  100  KC  level,  even  at  the 
disadvantage  of  being  heavier  and  less  efficient  than  the 
transistorized  converter. 

Both  the  transistorized  converter  and  the  direct  high-fre<iuenoy 
generator  offer  a  very  Important  potential  for  application  to 
lightweight  Ion  engine  systems  as  well  as  for  the  plasma  engines 
of  this  study  application.  Hie  high-frequency  technique  permits 
extremely  lightweight  transformer  designs  which,  when  applied  to 
the  Ion  engine  system,  may  lead  to  less  total  weight  than  the  more 
direct  transformation  and  rectification  of  1,000  or  3,200  eps 
power  for  DC  ion  engines.  High-frequency  power  in  the  60  to. 300 
KW  power  level  is  used  in  radio  communication  and  also  in  induct¬ 
ion  heating  techniques.  In  each  of  these  areas  the  volume  of 
equipment  Is  not  critical  and  in  most  Instances  efficiency  of 
operation  is  not  too  critical.  Nevertheless,  r-f  generation 
techniques  appeared  feasible  In  the  early  analysis  and  vers 
explored  further. 

I^rametrlc  data  on  weight  and  efficiency  versus  frequency  for  converter 
and  generator  systems  In  svtmmarized  in  this  section.  A  more  detailed  dis¬ 
cussion  of  (l)  high-frequency  generation  and  conversion  techniques,  (2)  con¬ 
ceptual  converter  designs,  and  (3)  conceptual  high-frequency  generator 
designs  is  presented  in  later  sections* 

Converter  Weight  Versus  Frequency  . 

Converter  system  weight  as  a  function  of  frequency  in  the  50  to  800 
kilocycle  range  is  rdiown  in  Figure  1.  This  data  for  both  single-phase  and 
three-phase  converter  designs  compares  the  three  types  of  converter  concepts 
which  formed  the  major  analytic  effort  of  the  study.  The  weight  advanti,;e 
of  the  static  transistor  converter  over  the  other  two  concepts  at  each  of 
tne  three  conversion  :'reque;.c  ’  is  quite  evident.  The  r  ulor -faia  r  i 
concept  is  competitive  vitii  the  static  transistor  converter  in  wel^^...  r.  ^ 
at  the  50  kilocycle  level,  but  gets  decidedly  heavier  at  the  200  kllocycV 
level.  Tne  motor-generat^ ;  toncoot  was  not  considered  at  the  '^OC  hllo  .rli 
level  because  o:  the  extrer  r.  .:.tor  of  polos  and/or  high  rotor  3p'..ed  .  • 
qulred  for  sues  a  ih gh -frequency  output.  The  static  tube  converte. 
heaviest  of  tiie  thre  .’  converter  types,  but  like  the  static  transistor  t 
is  fairly  ir.dei  endent  of  the  frequency  conversion  level  throug;;out  thv 
to  SOO  kilocycle  range.  V/elghts  for  the  transistor  designs  were  con.  i-’’  - - 
ably  less  than  tlic  overall  component  weight  design  objective  of  300  pounls 
for  the  60  lOrf  unit  and  1,000  pounds  for  the  300  KW  unit. 

Converter  f 1 c 1 ency  Versus  Frequency 

The  three  converter  types  analyzed  during  the  study  program  are  compared 
from  an  efficiency  versus  frequency  standpoint  in  Figure  2,  Hie  static 
transistor  concept  is  the  most  efficient  of  the  three  concepts  with  the 
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static  tube  ccmverter  being  the  least  efficient.  To  be  noted  is  the  fact 
that  the  efficiency  of  the  3^  KbT  tmit  exceeds  the  design  objective  of  90 
per  cent  and  is  greater  than  $6  per  cent  for  the  300  KV  slngle-i^Mise  design* 

Geaeratfar  Weight  amd  Efficiency  Versne  Frequency 

A  portion  of  the  study  Involved  an  analysis  of  high-frequency  (90  XC 
to  dOO  KC)  pever  generation  by  rotary-electromechanical  techniques.  A 
solid-rotor  electromagnetic  generator  design  was  also  analyzed  for  use  in 
deriving  high-voltage,  high-frequency  directly  from  a  500  hp,  24,000  rpm 
mechanical  shekft.  Plipire  3  compares  weight  (ibs/KW  out)  versus  frequency 
for  the  conceptual  design  in  the  50  to  200  kilocycle  frequency  range  and 
indicates  the  possibility  of  achieving  a  system  design  weight  objective  of 
1,500  pounds  or  less.  High-frequency  (50  KC  to  200  KC)  generator  effici¬ 
ency  ranges  from  above  95  per  cent  for  the  50  kilocycle  design  to  n^urly  93 
per  cent  for  the  200  kilocycle  design.  Bils  exceeds  the  85  per  cent  design 
objective  of  the  Work  Statement. 

Converter  Syatem  Weight  Versus  Temperature 

System  weights  for  both  60  IC/  and  300  KW  converter  units  are  conpeured 
in  Figures  4  and  5.  Total  system  weight  (including  coolant  system  provis¬ 
ions)  is  extremely  dependent  on  the  opextiting  temperature  of  the  system. 

At  the  low  temperature  level,  the  static  tube  and  the  motor -generator  imlts 
are  quite  heavy.  As  the  operating  temperature  is  increased  towards  the 
1,000°?  level,  particularly  at  the  60  KW  level,  the  system  weight  curves 
becane  more  convergent  and  the  heavier  static  tube  and  motor -generator  con¬ 
verter  designs  become  more  competitive  with  the  transistor  design.  At 
temperatures  above  275°F,  the  static  transistor  and  motor -generator  unit 
(50  KC)  meet  the  system  weight  objective  of  30O  pounds  for  both  a  single- 
phase  and  three-phase  unit.  The  system  weight  comparative  analysis  for 
300  KW  converter  designs  shows  a  wider  range  of  converter  weights  at  the 
low  temperature  (200*^)  level  than  for  the  60  KW  unit.  he  design  objective 
of  1,500  poxmds  for  this  converter,  to  be  used  with  a  SRIR  type  power 
system,  can  be  met  in  all  the  concepts  except  the  200  KC  motor -generator. 

The  curves  of  Figtires  4  and  5  resulted  frexn  cooling  system  studies  per¬ 
formed  during  the  program  in  which  radiator,  pump,  coolant  fluid,  and  cool- 
euit  tube  weights  were  analyzed  for  each  of  the  converters  and  generators. 
These  curves  are  based  on  the  weight  of  a  cooling  system  with  a  "heavy” 
radiator,  one  designed  with  adequate  protection  sigalnst  meteorites.  A 
radiator  with  less  meteorite  protection  was  considered  in  the  weight 
analysis,  but  this  concept  was  not  used  because  of  the  desire  to  be  con¬ 
servative  in  assessing  the  cooling  system  weight  penalty  for  each  of  the 
concepts.  Total  system  weights  are  somewhat  less  when  the  lightweight 
radiator  concept  is  used,  but  the  weight  trends  do  not  change.  A  more 
ccniplete  picture  of  the  effect  of  cooling  system  requlreB»nt«  on  total 
system  weight  is  given  in  the  Related  Studies  section. 
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Figure  3.  Comparison  of  Weight  end  Efficiency  ra.  Frequency 
for  High  Frequency  (  $0  to  2CX3  KC)  Generator 
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I  '., 'ire  Analysia  rf  ts.  Temperature  for  60  KW 

Converter  f  I i  Keif’ht  of  Cooling  System  ) 


TSMPERATURI  -  *f  TIMPCUTUllI  •  *? 

Figure  5.  Analysis  of  System  Weight  vs.  Temperature  for  300  KW 
Converter  (  Inf ludes  Weight  of  Cooling  System  ) 
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figfxn  6  auB&sarlzes  generator  conflgopration  Heights  and  cooling  sytem 
wels^xta  in  a  plot  of  total  generator  systeo  veigkt  verans  syiitem  operating 
teaperature.  Ibe  design  objective  for  this  portion  of  the  sti;^  can  eaailj 
he  aety  as  shown  by  the  ctirve  at  the  50  JOC  frequency.  Systen  weight  also 
increases  with  frequency  as  shown.  The  feasibility  of  gezierating  power  at 
tl»  required  hi£^-frequency  (50  KC  to  200  KC)^  high>roltage  level  and  eliai* 
nation  of  freq^ncy  and  voltage  asiltiplier  di^ces  is  quite  evident  here. 

The  sane  feasibility  iq>plies  to  use  of  a  hi^-voltage  generator  tech¬ 
nique  in  conjunction  with  rectifiers  to  arrive  at  hl^-voltage  DC  power  for 
use  in  an  ion  type  engine.  The  main  advantage  in  thla  technique  voold  he 
in  elimination  of  the  transformer  weight  required  in  generating  at  a  lower 
voltage  and  stepping  up  to  the  required  high-voltage  level. 

Hi^  Frequency  Generator  Versits  a  SRJR  Type  Generator  Pltis  Converter 

The  basic  power  suoplies  considered  in  this  stiidy  were  of  the  SHAP  8 
and  SPUR  t^>es  and  each  t.3nerates  low  frequtmcy  (1  KC  and  3*2  KC)  power. 
Since  high-frequency  power  la  required  for  the  electromagnetic  engine  of 
thia  study*  it  was  early  considered  that  the  low  specified  frequency  of 
power  generation  (1  KC  and  3.2  KC)  was  not  an  optimum  Input  frequency 
level.  With  this  thought  in  mind*  a  parametric  study  was  performed  to 
coBipare  the  following  conversion  concepts  for  delivering  high  frequenter 
(50  KC  to  200  KC)  power  to  an  electromagnetic  propulsion  engine: 

1.  A  hl^- frequency  (50  KC  to  200  KC)  generator  design  concept  of 
this  study  which  delivers  the  required  high-frequency,  high- 
voltage  power. 

2.  A  SPUR  type  low  frequency  generator  plus  a  converter  design  of 
this  stui^. 

Figure  7  compares  the  two  conversion  concepts  on  a  Ibs/KW  out  versus 
temperature  basis.  Weights  include  cooling  system  penalties  for  the  SPUR 
type  generator  operating  at  two  fixed  temperature  levels  (600®F  and  800®P) 
with  the  static  trar .istor  converter  operating  at  various  temperature 
levels.  Also  con^.dered  were  the  weights  of  two  cooling  system  concepts, 
one  based  on  a  heavily-protected  type  of  radiator  and  the  other  one  a 
lightweight  radiator.  Significant  is  the  fact  that  the  hl^-frequency 
generator  concent  is  lighter  in  weight  than  the  SPUR  tyi>e  generator  plus  a 
converter  over  a  major  portion  of  the  temperature  spectinim.  Figure  8  plots 
weight  versus  frequency  to  show  the  "breakover"  points  for  the  two  concepts. 
A  single  generator  unit  producing  the  required  high-frequency  output  is 
lighter  in  weight  than  the  SiUR  type  generator  pliis  a  static  transistor 
converter  up  to  approximately  100  KC  in  a  system  utilizing  the  heavy 
railator  concept.  Two  operating  tempt. ature  levels  for  the  converter 
were  considered  (300®F  and  600°F).  This  leads  to  the  conclusion  that  below 
approximately  150  KC,  the  HF  generator  is  the  lightest  and  most  efficient 
way  to  generate  high  frequency  power.  Above  this  frequency,  a  low  frequency 
generator  plus  a  transistor  converter  is  lighter.  Above  200  KC,  only  the 
converter  approach  Is  feasible  due  to  the  Inability  of  generator  designs 
investigated  t(^  op«.Tate  above  this  frequency. 
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Figure  6,  Generator  System  Weight  vs*  'Temperature  (  Tncludea 
Weight  of  Cooling  Systen  ) 
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Figure  8.  Weight  vs.  Frequency  Cowjparison  of  High  Frequenr/  (  50 
to  ?00  KC  }  Generator  With  SHJR  Type  Generator  Plus 
Static  Converter  Unit 


13 


Section  I 


HIGH  FPEQUEKCY  POvsTER  GEIiERAlION  TECHNIQUES 


ELECTROMAGNETIC  GENERATORS 

Electrical  power  of  radio  frequencies  from  50  kilocycles  to  200  kilo¬ 
cycles  can  be  generated  with  solid  rotor  generator  designs,  converting 
mechanical  energy  to  electrical  energy  by  rotating  a  magnetic  field  through 
generator  conductors! 

©le  upper  limit  of  generating  frequency  Is  determined  by  the  maalraum 
allowable  material  stress  in  the  rotating  part,  the  minimiira  practical  dimen¬ 
sions  of  the  magnetic  poles,  and  the  minimum  space  in  which  a  generating 
winding  may  be  placed  to  utilize  the  number  of  magnetic  rotor  poles. 

The  generator  described  as  configuration  B  most  readily  allows  the 
naoxlmum  freedom  of  the  design  limitations  on  the  upi  ^  frequency  limit  and 
has  capability  for  generating  large  power  ouc.v.t,. 

MELXimum  number  of  rotor  poles  are  obtained  by  separating  the  north  and 
south  poles  axially,  as  the  number  of  rotor  teeth  are  one  half  that  re¬ 
quired  if  alternate  polarity  poles  were  not  displaced  axially.  Maximum 
space  is  allowed  for  the  stator  generating  winding  by  using  a  winding  design 
requiring  one-third  of  a  slot  per  pole.  Tills  means  stator  diameter  will 
have  a  frequency  capability  of  three-times  the  same  stator  using  a  single 
slot  per  pole,  because  physical  spacing  is  required  between  slots. 

The  generator  magnetic -eiccltation  circuit  with  its  stationary  excita¬ 
tion  coils  is  similar  to  tiiat  used  for  the  NADINE  generator,  a  North 
Araerlcem  conceived  design.  The  use  of  stationary  colls  increases  the  upper 
generating  frequency  limit  since  rotor  space  is  not  used  for  excitation 
coils  between  poles.  The  use  of  stationary  colls  also  increases  the  fre¬ 
quency  capability  by  pennlttiug  the  rotor  to  be  rotated  at  greater  surface 
speeds. 

Generator  configuration  E  Ic  clmij  u'  to  the  inductor  tyt>e  (homopolar 
double-ended)  generator  except  that  a  laminited  outer  yoke  is  adaed  to 
permit  the  flux  to  rotate  with  t’.e  rotor.  Tne  inductor  generator  would 
not  be  suitable  without  this  nodlficatlon  since  its  losses  would  be  quite 
high. 


As  the  frequency  increases,  the  unit  volujte  core  loss  increases.  In 
order  to  limit  the  vuilt  core  Ions  it  becomes  necessary  to  reduce  the  flux 
density  of  the  generator  stator  iron  circuit  as  frequency  Is  increased. 

The  reduced  flux  density  requires  inn  increase  in  the  omovuit  of  stetor  iron 
required,  resulting  In  increased  weight  for  the  frequency  band  being  con¬ 
sidered.  Unfortunately,  the  presently  available  low  loss  magnetic  materials 
saturate  at  low  flux  densities  and  have  lower  CUrle  temperatures  than  the 
nickel  irons.  As  the  percentage  of  AC  stator  Iron  is  low  compared  to  the 
total  generator  weight,  the  reduction  in  AC  stator  iron  flux  density  is  not 
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as  severe  a  penalty  as  it  might  seem.  Ihe  la: gest  portion  of  the  Iron  elr« 
cult  is  operating  vlth  DC  flux  and  produces  no  loss  under  steady-state 
operating  conditloos* 

SOLID-ROTOR  TEiCHNiQPES 

Five  solid-rotor,  hcmopolar  type  Inductor  generator  concepts  {A,  B,  e, 
E,  &  F)  plus  a  flxix-switch  heteropolar  type  of  machine  (d),  were  evaluated 
and  p£u*ametric  data  plotted  to  show  power  output  versus  frequency*  This 
data  Is  shewn  In  Figure  9  10  and  discussed  In  the  section  which  follows* 

Data  on  Configuration  B,  a  2k,  000  rpm  300  KW  design,  shows  a  1*2  Ih/KV 
weight  at  the  50  KC  frequency  level  increasing  to  approximately  4.6  Ibs/KV 
at  the  200  KC  level.  Plotted  data  shows  that  an  Increase  of  generator 
speed  to  48,000  rpm  leads  to  a  50  per  cent  reduction  In  generator  specific 
weight  at  200  KC  (see  Figure  10 ),  hut  places  an  upper  limit  on  power  output 
from  a  single  xmit  at  less  than  300  KW.  For  a  300  KW  •  200  KC  design  at 
W,000  rpm,  it  would  he  necessary  to  use  multiple  imits  at  a  net  weight 
increase.  The  data  shows  Conflgiuutlon  B  to  be  more  suited,  power  wise, 
for  the  50  KC  to  200  KC  range*  Configuration  A  is  suitable  for  50  to  100 
KC  power  generation.  The  plotted  data  also  indicates  a  low  power  output 
limit  for  Configuration  C  and  the  flux-switch  type  of  design.  Configuration 
E  is  similar  to  Configuration  B,  but  differs  In  structure.  Configuration  F 
is  limited  by  Its  permanent  magnet  and  1.;  estimated  to  be  capable  of  one- 
half  the  power  generation  capacity  of  Configixratlon  B.  Losses  and  effici¬ 
ency  have  been  determined  for  generator  Configuration  B  for  various  Iron 
hot  spot  temperatvires  and  coolant  temperatures.  As  the  cooling  ambient 
temi)eratiu*e  Increases,  it  is  necessary  to  use  magnetic  materials  with 
higher  Curie  temperatures.  The  survey  of  magnetic  materials  has  shown 
that  the  losses  Increase  In  materials  of  higher  Curie  temperatures  and 
result  in  lower  efficiency  at  higher  temperatiures* 

In  summary,  a  rotary  type  of  alternator  with  efficiency  from  85  per 
cent  to  95  per  cent  is  feasible  in  a  motor -generator  type  of  conve''ter 
design  in  the  100  to  200  KC  frequency  range.  Likewise,  a  rotary  alternatcor 
concept  is  feasible  for  power  generation  with  a  24,000  rpm  turbine  prime 
mover. 

Generator  Conf Iguratlons  Considered 

Configuration  A  -  Conf ig’jrat ion  A  consists  of  a  north  pole  rotor  and  stator 
section  and  a  Sovth  pole  rotor  and  stator  section.  The  rotor  flux  is  uni¬ 
directional  ana  its  path  is  azcially  in  the  rotor  to  tne  poles,  across  the 
pole  gap  to  stator,  through  r,he  outer  stator  yoke  to  the  other  stator 
section  across  the  pole  gap,  axially  along  the  rotor  to  a  concentric  pole 
gap,  axially  along  the  frame  to  the  other  pole  gap  and  then  into  the  rotor. 
Each  stator  section  is  equivalent  to  an  inductor -generator  stator  with  one 
slot  per  pole  where  one -half  of  the  slots  in  each  stator  section  are  in¬ 
active  in  producing  voltage  at  any  Instant  of  time.  Configxiration  A  is 
limited  in  frequency  by  the  maximum  number  of  stator  slots  usable  in  a 
given  diameter  (see  Figures  11  and  12). 
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Figure  9,  Power  vs.  Frequency  for  Rotating  Generators 


Figure  10,  Estimated  Weight  vs*  Frequency  for  Rotating  Oener.itore 
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GENERATOR  CONnCURATYm  B 


Fi pure  11,  Elec txcnagne tic  Generator  Concept  (FerspectiT®) 


NON-MAGNETIC 


ROTOR 


STATOR 
WINDING 
(TOP  VIEW) 


-INDUCED  VOLTAGE 


NORTH 


SLOT  FOR  CONDUCTOR 


ONE  SLOT/POLC 


NOTE: 

SOUTH  SECTION  DISPLACED 
A.  j\LLY  FROM  NORTH  SECTION 


Figure  12.  Generator  Cc«cept  "A" 


Cioof tguratloo  B  -  CoaflguratiGo  B  is  the  sane  as  Coof i«:uratloa  A  vlth  tbs 
exceptim  that  the  stator  has  <»e-thlrd  of  a  slot  per  pole.  This  pendts 
generation  of  pcwer  at  higher  frequencies  than  possible  with  Configuration 
A,  as  the  niaber  of  stator  slots  is  one-third  that  of  A.  (kuiflguration  B 
requires  three  tines  as  naiqr  conductors  per  slot  as  Configuration  A  to 
obtain  tlw  sane  voltage  output  (see  figures  11  and  13)« 

Configuratioo  C  -  Generator  C  in  figure  lA.is  sinllar  to  generator  Configu¬ 
ration  A.  In  this  configuration  the  poles  in  each  half  of  the  tiro  axial 
rotor  portions  are  in  line  vlth  each  otl^r  and  not  displaced  l60  electrical 
degrees  as  in  A  and  B  generator  configurations.  The  retinn  condtetor  of 
the  genexator  stator  turn  is  located  on  the  outside  of  the  outer  stator 
yoke  iron  so  as  not  to  have  AC  voltages  induced  in  the  return  eonductor  of 
each  stator  turn.  Ihe  required  nmher  of  stator  slots  for  a  givra  fre¬ 
quency  and  speed  is  reduced  to  one -half  that  required  for  generator  C(m- 
flguratlcm  A  by  this  meeois;  therefore  increasing  the  maximum  possible  fre¬ 
quency  for  generating  pater  to  higgler  frequencies  than  Art  possible  vith 
Configuration  A. 

Figures  12,  13  >  and  1^  schematically  show  the  AO  generator  stator 
vlnding  and  the  relative  positions  of  the  rotor  magnetic  poles.  The 
generator  rotor  pole  sections  are  similar  to  the  Inductor  type  gexierator. 
^e  excitati(m  circuit  is  the  same  as  for  a  NABINE  type  of  generator,  a 
North  American  Avlatl(Xi  solid-rotor  design.  The  generator  may  be  modified 
to  use  permanent  magnet  type  excitation  by  installing  a  permanent  magnet 
in  the  nonmagnetic  sectlcm  of  the  rotor  amd  eliminating  the  static  excita¬ 
tion  parts.  A  stationary  permanent  magnet  may  be  installed  in  the  static 
excitation  magnetic  circuit. 

Demagnetization  and  Opposing  Transformer  Voltages  In  Generator  C  -  The 
return  conductor  of  the  stator  winding,  located  on  the  outside  of  the 
stator  yoke  iron  along  with  the  conductor  in  the  slot,  forms  a  turn  around 
the  stator  which  produces  an  MMP  when  a  load  current  is  flowing  in  the 
winding.  This  MMF  produces  a  flux  which  will  flow  around  the  stator  yoke 
and  generate  a  transformer  voltage.  This  voltage  is  in  opposition  to  the 
generated  voltage  at  a  vector  angle  determined  by  the  power  factor  of  the 
circuit.  To  limit  the  reaction  flux  and  its  associated  trauisformer  voltage, 
the  stator  is  divided  into  segn^nts  as  shown  in  figure  l4.  The  amount  of 
separation  or  gap  is  limited  by  the  maximum  stator  flux  densities  allow¬ 
able  and  the  minimum  iron  sections  allowable. 

Flux  &/iteh  Configuration  D  -  This  ccmcept,  shown  in  Figure  15,  generates 
voltage  by  switching  the  fi”x  passing  through  the  stator  coil  from  a  plus 
to  a  negative  value.  This  is  accomplished  by  changing  the  reluctance  of 
the  magnetic  circuit  by  rotation  of  the  rotor  poles.  The  field  MMF  being 
constant,  the  flux  changes  as  a  function  of  the  reluctance  of  the  magnetic 
circuit.  The  flux  switch  has  several  disadvantages:  (l)  The  flux  from 
tiic  tation  circuits  oppose  each  other  in  the  stator  coll  reduc¬ 

ing  the  alternating  flux  to  one-half  the  excitation  flux,  (2)  the  stator 
coil  maximm  flux  is  one -half  the  total  flux  passing  through  «w;h  pole  oo 
the  rotor,  (3)  the  rotor  flux  alternates  in  each  rotor  pole,  (4)  t^ 
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FLUX  SWITCH  GgyKRATOa 


Fipurel^t  p'Ixuc  ‘Switch  generator  Concept  "D” 
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doMipetlzlng  action  of  the  stator  is  large,  as  the  stator  has  a  large 
mato9T  at  turns  conpared  to  the  rotor  pole  g&p  ampere  turr-s,  vhieh  linita 
the  output  paver* 

Ccmflguratioo  B  •  Ccuiflguratlon  E  is  similar  to  Ccmfiguratioo  A  or  fi,  aJOA 
is  sb^  in  l6.  The  field  coils  of  A  and  B  have  hera  relocated  to 

a  position  hetveen  stator  sMtlcms.  This  eliminates  tlu«  mgnetio  field 
poles  and  the  need  for  the  outer  magnetic  housing  of  generator  A  and  B. 

The  sagnetie  fnoe  and  poles  aure  replaced  by  parts  sufficient  for  mechani* 
cal  purposes.  The  stator  outer  yoke  is  retained  as  a  laminated  core  te 
permit  rotation  of  the  DC  flux  vith  rotor  rotatim.  The  statcsr  portions 
are  tim  same  aa  for  A  and  B  Ckmflguratlons.  Data  for  A  and  B  are  ai^leahle 
to  Configuration  I* 

Configuration  F  -  This  configuration,  also  shcvn  in  Figure  16  is  the  sane 
as  Ckmfiguratioo  2  except  the  rotor  center  portion  or  ccmtplete  rotor  is  a 
permanent  magnet  and  z^places  the  field  coll.  A  field  coll  may  be  retained 
and  tiled  for  regulating  the  generator  output.  The  PM  material  llmita  the 
poirer  to  about  one-half  that  of  Configuratiof^  B. 

Other  Oenerator  Design  Considerations 

•  • 

Power  Output  -  The  power  output  of  each  configuration  has  been  calculated 
vith  the  following  paraomters-  the  same  for  each  configuration. 

Average  air  gap  flux  density  «  20  kllollnes/square  inch 

RMS  conductor  current  density  »  meiximum  of  amps/sguBure  inch 

Rotor  diameter  -  dependent  upon  RFM^  but  constant  for  each  congoarlseB 
Single  stator  core  axial  length 

RPM-  dependent  upon  RIM^  but  constant  for  each  comparison 

RMS  stator  reaction  ampere  tiims^  equal  or  less  than  the  field  ampere 

turns  of  the  pole  air  gap  for  the  air  gap  flux  density  above. 

Sinusoidal  flux  variation  -  assxsned  for  each  design  con^yarison 

Power  Output  (Xurves  -  The  power  output  shown  on  the  curves  of  Figure  9 
approximates  the  maximum  obtainable  for  the  conditions  of  rpa  and  maxlmtai 
rotor  stress  noted  for  the  air  gap  flux  density,  conductor  current  densities 
and  stator  reaction  ampere  turns  specified  in  the  power  output  paragraph 
above.  The  ciurves  show  that  the  power  output  is  increased  by  a  deer^se  in 
rpm;  the  power  output  may  also  be  increased  by  increased  rotor  stress, 
increased  gap  flux  density,  auid  optimization  of  design.  A  decrease  in  rpm 
results  in  a  power  increase  thrcnigh  an  increase  in  rotor-diameter  and 
length,  which  results  in  a  weight  increase. 

An  Increase  In  the  rotor  allowable  stress  for  a  given  rpm  permits  the 
use  of  a  larger  diameter  rotor.  Assuming  the  same  rotor  flux  density,  the 
total  flux  of  the  generator  Increases  as  the  diameter  squared,  or  stress 
squared;  the  linear  velocity  Increases  with  the  diameter;  therefore,  the 
power  output  is  increasing  as  the  cube  power  of  the  rotor  stress.  An 
increase  in  the  generator  stator  gap  flux  density  also  Increases  the  power 
as  it  Increases  the  total  flux  of  the  generator.  This  increase  is  limited 
by  the  saturation  flux  density  of  the  rotor  material. 
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POtrer  Octtpat  ▼».  grcOTancy  -  »ot«  that  at  ilia  hii^  pawar  ($0  t#  800  KC) 
qtmncy  ecnaldered,  the  obtainable  power  OTtpot  decreases  vlth  Ixierease  In 
frequeoc}  •  This  is  a  result  of  being  stress  United,  because  the  large 
nuaber  of  poles  decreases  the  space  available  for  ccmdoetors  to  produce  a 
voltage  output.  Generator  Cooflguzatioas  A,  B,  and  E.  power  outpats,  are 
Halted  bj  the  aeuclaua  cooduetloQ  current  demsitj  since  the  eoiidnet<nr  area 
is  Halted.  The  power  output  of  Configuratloo  F  is  Halted  bgr  the  allow¬ 
able  flux  density  and  rotational  stresses  of  the  peraanent  aagnet  aaterlal* 
The  high  cobalt  peraanent  aagnet  oaterlal  values  at  70^  have  be«i  used  to 
deteralne  the  power  output  data.  Conflgusrations  C  and  0  are  Halted  by 
the  stator  reacticm  aapere  turns  (IMF)  and  not  by  eonduetor  dmslty.  The 
power  from  Coof iguration  D  nay  be  increased  by  adding  additional  poles 
around  the  stator.  These  would  have  to  be  added  in  Ineremsnts  of  four; 
the  additioo  of  these  poles  would  not  increase  the  power  sufflcimatly  to 
eoapete  with  A,  B,  or  S  Configurations. 

Generate  C  (200  KC  -  2k, OOP  rm)  -  A  preliainary  analysis  of  generator  C 
assumed  that  limitations  due  to  demsgnetislxg  and  transfcrtssr  voltage  tram 
load  current  would  be  computed  and  added  in  before  finalizing  the  design. 
This  assisnption  resulted  in  favorable  power  outputs  (ovur  200  KV  at  200  KC). 
An  analysis  of  transformez*  voltage  for  a  genonatoz'  C  design  of  200  KC, 
24,000  rpm  and  an  average  air  gap  densi-^  of  20  klloHnes/square  inch 
showed  a  power  limit  of  five  KV  for  a  transformer  voltage  eqnal  to  the 
terminal  voltage.  The  power  Halt  is  approxlaatcdy  proportional  to  ths 
air  gap  density,  and  if  the  air  gap  densily  were  increetsed  until  the  tooth 
flux  density  limited  the  flux,  the  power  limit  would  be  Increased  tram  five 
KW  to  ten  XW  at  an  average  tooth  flux  density  of  60  kiloHnes/square  Ineh 
(9300  GiUSS). 

Weight  vs.  Frequency  -  The  weights  have  been  estimated  at  24,000  rpm  and 
46,000  rpm  for  generator  Configuration  B  for  the  power  output  levels  shown 
on  Figure  9  &re  plotted  in  Figure  10. .  The  weights  Ineluds  all  ths 
parts  shown  in  the  generator  cross-section  drawing.  A  detailed  weight 
estimate  has  been  made  oa  selected  designs  to  evaluate  the  ccaflguratlons 
considered.  Higher  power  levels  can  be  obtained  at  the  higher  rpm  by 
ganging  or  using  multiple  imits  for  less  vel£^  than  the  slower  speed 
units. 

Frequency  vs.  rpm  and  Poles  -  Consider  the  case  of  generating  a  100  KC 
power  output  vlth  a  3200  ops  input: 

Input:  300  KW  129/206  volts  3200  ope  10 

Output:  XO^lOO  Tslts  '  100  klloeyeles/see*  10 

The  Input  emd  output  frequencies  determine  the  range  In  speeds  and  ntiabsr 
of  poles  which  can  be  used  for  frequency  conversion.  TSie  relationship  of 
f  ■  M  poles  exists  for  both  motor  and  generator,  where  f  •  CF8,  p  « 

number  of  poles,  H  «  rpm.  Therefore,  the  following  oomblnations 
aore  considered: 
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MOTOR 

FHEQPENCT 

MOTOR 

POLES 

RPM 

GENERATOR 

POLES 

OUTPOT 

ntEOUESCI 

3,200  CPS 

2 

192,000 

62 

99.2  KC 

3,200  CPS 

k 

96,000 

124 

99.2  KC 

3,200  CPS 

6 

64,000 

186 

99.2  KC 

3,200  CPS 

8 

48,000 

246 

98.5  KC; 

3,200  CPS 

16 

24,000 

492 

98.5  KC 

Rotor  Diameter  vs. 

rraj  -  The 

diameter  of  the 

rotor  is  limited  by  the  allow- 

able  stress  level  for  the  rotor  configuration  and  naterial.  A  solid  rotor 
with  no  axial  holes  through  it  has  the  ninlnmm  internal  stress  generated  by 
rotation  for  a  given  diameter.  As  a  large  diameter  is  desired  in  order  to 
obtain  a  large  number  of  poles,  the  diameter  of  solid  rotors  producing  a 
maxinmm  stress  of  60,000  pounds  per  sqtiare  inch  at  its  center  for  the 
generator  rpm  has  been  established  as  a  basepolnt  and  are  tabidated  below. 
This  diameter  varies  as  the  allowable  stress  to  the  one-half  power.  A 
stress  of  60,000  psi  is  considered  conservative  for  purposes  of  this  study. 


RPM 

PSI 

MAX.  STRESS 

ROTOR 

DIA.  (INCHES) 

96,000 

60,000 

2.84 

64,000 

60,000 

4.25 

48,000 

60,000 

5.69 

24,000 

60,000 

11.37 

12,000 

60,000 

22.75 

Pole  Pitch  -  Consider  ^8,000  rpm  and  a  rotor  diameter  of  S69  inches  with 
2h6  poles. 

Pole  Pitch  =  ,  .0726  Inches 

A  pole  Sian  of  65  cent  of  the  pole  pitch  is  reasonable;  therefore,  the 
pole  width  is  { .6^){ .0726)  =  0.0472  Inches. 

The  pole  spacing  conditions  are  as  follows; 

For  alternate  north-south  pole  rotor: 

.047"-i(  }♦-  -*1  — .0256"  spacing 

JUITL 
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for  alternate  north  pole  rotor: 


.Oh7"-|[^  n  .0982"  epaclng 


The  resulting  close  speusing  for  an  alternate  tforth>South  pole  rotor  voidA 
result  in  high  leakage  fltixes  betveen  nozth  and  south  poles  unless  'very 
saiall  air  gaps  are  used  between  rotor  and  stator.  Sierefore^  this  type  is 
not  as  well  8\d.ted  to  the  frequency  range  of  ^  KC  to  200  ^  as  the  hoan- 
polar  type. 


28 


SLLCTHO^TATIC  GE3fii3AT0RJ 


Early  In  the  preliminary  ph^se  Ji'  Lht*  stud^'  program,  the  plasma  engine 
requirements  of  high  voltage  and  relatively  lew  current  suggested  the  appli¬ 
cation  of  an  electrostatic  generator  for  mechanical  to  electrical  energy 
conversion.  The  electrostatic  generator  is  attractive  for  plasma  engine 
power  due  to  its  high  efficiency  and  its  low  power  to  mass  ratio.  Figure 
17  compares  the  specific  weight  (ibs/KW)  versus  pever  output  of  a  90  -r 
cent  efficiency  electromagnetic  generator  and  a  9^  per  cent  efficiency-  elec¬ 
trostatic  generator.  For  the  tower  level  of  this  progi^,  (300  KW),  Figure 
17  indicates  approximately  .75  Ibs/KW.  Other  references  reviewed  indicate 
specific  weights  of  .6  to  .9  Ibs/KW  down  to  .2  and  .4  Ibs/KW. 

Broadly  classified,  the  electrostatic  generator  falls  into  two  cate¬ 
gories:  (l>  Bie  Van  de  Graaff  generator,  which  operates  on  the  principle 
of  charge  transport  by  a  moving  belt,  and  (2)  the  variable  capacitance  ty]e. 
For  the  plasma  engine  only  the  varying  capacitance  tjpe  appears  feasible. 
\^rying  capacitance  electrostatic  generators  may  be  classified  into  various 
types  dependent  upon  type  of  excitation,  AC  or  DC  output,  voltage  doubling, 
bridge  type,  etc.  Three  types  were  considered  in  this  study  and  are  shown 
schematically  in  Figure  18.  The  lype  I  generator  shown  in  Figure  I8  is  a 
variable  capacitance^ line -excited  type  of  machine  with  AC  excitation  and  AC 
output.  A  second  type  of  electrostatic  generator,  the  bridge  type, 

.utilizes  a  DC  c-xcltatlon  voltage  and  produces  am  AC  output.  A  third  type 
of  electrostatic  generator  as  shown  in  Figure  I8  is  the  voltage  doubler  or 
parametric  generator.  This  generator  delivers  a  DC  output  voltage  from 
lower  DC  excitation  voltage. 

The  efficiency  of  electrostatic  generators  approachas  100  per  cent  with 
ex{»erlraentally  verified  efficiencies  of  98  and  99  per  cent  obtained.  These 
high  efficiencies  are  the  result  of  the  elimination  of  losses  Inherent  to 
the  electromagnetic  generator  such  as  hysteresis,  dielectric,  eddy  current, 
mji»;netlc  and  windage  (vacuum  dielectric  operation).  In  addition,  the 
ohmic  losses  are  a  minimum  due  to  the  low  required  charging  currents.  Ihe 
Increased  efficiency  is  important  for  a  number  of  reasons.  Energy  is  con- 
Herved,  heat  losses  (which  must  be  radiated  to  space)  are  at  a  minimum 
resulting  in  lighter  weight  radiators  and  the  total  system  weight  la  reduced. 

The  utilization  of  the  electrostatic  generator  for  the  peurticular  appl 1  - 
cation  of  this  program  would  involve  the  solution  or  a  number  of  problems, 
some  inherent  to  the  generator  and  some  due  to  program  requirements. 

dome  major  problems  requiring  solution  are: 

1.  Selection  of  generator  type  (possibly  a  hybrid  type)  which  would 
provide  the  high  frequency  output  power. 

2.  Conversion  equipment  to  provide  proper  output  loads  for  the 
generator.  The  electrostatic  generator  Is  inherently  a  high- 
voltage,  low  constant-current  generator  and  thus  requires  a  high 
impedance  output  load.  The  load  represented  by  the  plasma 
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Figtire  17^  speci^'ic  ’  eights  of  Practical  Electrostatic 
and  Electromagnetic  Generator  Designs 
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eqglii*  i«  lav  (iwlov  1,000  oim)  and  tlilv  vo^  r^ndt  In  lov 
paver  tzenefer  and  lezj  hli^  exeitatioa  voltage  wleea  aoaa  tjjfm 
ai  li^adauM  aatebtog  davlea  la  tieod« 

3«  Boarlog  and  oaal  prc^^LaBi.  Slaca  rotor  «el|^  la  avail,  tba 
cleetreaagMtle  1)eariag  ia  oae  aoliitlaa  tlat  ahoold  ym  imeati- 

gated. 


4.  Ktamfiaeturlqg  and  flatoleatioD  jrofbleBa  Involvlqg  rotatlag 
elaaMHuta  at  very  eloae  apaeing. 

5«  ELeetrleal  eoaveraloo  eqpipaent  for  excitation  pover  ai^flly. 
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ROTARY  GOSYERX^  TECSKIOPBS 

A  ivioR-‘4mER/aaR 


The  Btost  comKxi  type  of  f^eqiieDey  changer  car  converter  le  a  aotar- 
generator  set.  &ich  a  device  possesses  the  anln  advantages  of  high  poser 
per  unit  velght  and  high  teepexature  capability,  traditional  designs  are 
fr^uency  llialted  for  this  particular  application  beeaose  of  tte  nosher  of 
poles  required  to  produce  the  desired  frequency. 

Vlth  the  advent  of  high-strength  steels  froa  vhleh  rotors  can  be  anna- 
factured  has  cooe  an  increased  speed  capability  for  generators,  (^pled 
with  this  is  the  trend  away  froa  wound-rotor  construction  and  toward  solid- 
rotor  types  of  mchines.  By  use  of  solid-rotor  techniques  and  incr^Ming 
the  speed  of  the  rotor,  an  increased  frequency  output  Is  possible  froa  a 
Botor-generator  type  of  converter.  High  voltage,  either  three-phase  or 
single-phase.  Is  no  problem  for  a  motor-generator  unit  and  is  United  only 
by  the  insulation  requirements. 

For  the  high-frequency,  high-voltage  requlrenent  of  this  study,  the 
motor -generator  Is  appealing  in  that  there  is  no  need  for  a  transfomer  to 
gain  the  high  output  voltage  of  10,100  volts.  The  motor-g^ierator  type  of 
device  Is  really  limited  only  by  the  number  at  poles  which  can  be  included 
In  the  periphery  of  the  rotor. 

It  is  necessary  In  the  three-phase  application  to  consider  three  separ¬ 
ate  generator  sections  on  a  single  rotor,  each  displaced  Iqr  120  electrical 
degrees. 
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aBMXCOKPPCKB  ! 

SevBraX  tjpes  of  «eaie<»idiiet<M*  devleot  wero  rovleved  during  the  pr«- 
llaimrjr  Imrontlil^tloa  piiue  for  possililo  ap^leatloa  in  lilg^-firoq.ueiie3r 
aad  bi^-Toltage  converaloo  de^rlceo.  9iom  iaelnded: 

a.  Silicon  eoatroUod  reetifiara  (SCS) 

1).  Itansiatora 

e.  fbor-lajer  diodM 

d«  Tunnel  diodee 

Bach  eonicondaetor  de^ee  vae  isveetigated  in  terns  of  voltage,  cur¬ 
rent  and  fre4,iieDey  capabilities  today  sad  in  the  future,  figure  19  is  a 
eoaparison  of  tbese  s^tic  devices.  Tbe  first  device  to  be  Investigated 
vas  tlie  silicon  controlled  rectifier  (SCR)  because  it  is  videly  used 
today  in  converter  systeas.  Altboq^  StS*s  are  capable  of  handling  large 
currents  and  voltages  (up  to  235  astpe  at  600  volts)  they  are  presently  . 
limited  in  frequency  of  operation  to  about  35  K  cps.  This  frequency  cap¬ 
ability  is  expected  to  advance  uiward  to  arouM  ?0  to  100  K  cps  in  the 
next  few  years.  Based  cm  this  expected  futture  capability  a  preilainaxy 
design  of  a  single-pbase  ^  type  of  cooverter  has  been  made  and  is 
compared  vith  the  transistor  unit  in  the  ^ipea&ix» 

Transistor  devices  have  high  voltage,  high  current,  and  high  frequency 
capability  and  app'iar  the  most  promising  for  converter  use.  Several  types 
of  circuits  using  cransistora  vere  inves tinted,  Including  power  chopper, 
power  square  wave  oscillation  and  an  rf  generator  technique.  Of  these, 
the  power  chopper  appeared  the  best;  mainly,  due  to  the  fact  that  this 
circuit  does  not  require  a  saturated-core  transformer  with  its  resulting 
large  saturating  current  loss.  In  using  a  DC  chopper  technique  with  tran¬ 
sistors  or  the  silicon  controlled  rectifier,  the  DC  magnetization  of  the 
transformer  resxiltlng  from  the  large  DC  current  in  the  primary  vindlng 
must  be  considered.  The  tunnel  diode  is  capable  of  switching  large 
ciarrents  (1,000  amps  or  more)  at  a  high  frequency,  but  these  devices  are 
limited  In  voltage  capability  to  .2-2  volts.  This  voltage  feature  makes 
timnel  diodes  not  too  practical  for  use  vltb  hlgh-voltaige  power  sources. 

The  fotir-layer  diode  Is  limited  In  current  and  frequency  (ten  amperes  at 
20  kilocycles  per  second). 

Of  the  semiconductor  devices  studied,  the  SCR  and  transistor  cmcepts 
vere  the  most  worthy  of  design  auialysls.  A  more  detailed  discussion  of 
these  two  techniques  plus  tunnel  diodes  and  fourolayer  diodes  will  be 
found  In  the  section  which  follows. 


Figurt  19.  Corapcrison  of  re.rJ. conductor  pevices 
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Slligon  CoctroUed  Itoitlfler  (SCR)  CcanrwtTt 


8CS  inverter  eireuite  aare  of  three  nain  types:  She  poiier  chopper  lAddi 
prodinees  a  stnwre  vave  ootpot,  a  sine  wave  invmrter  tjrpt,  and  a  ^  AC  to  111 
AC  dlrv^  converter.  A  direct  AC  converter  frequency  changer  requires  no 
input  transfooneer  for  its  operation^  hut  can  convert  3^  alternating  current 
directly  into  hic^  f:i^ueney>  high  voltage,  single-phase  alternating  current. 

Xa  order  to  Inerease  the  output  voltage,  a  step-up  transfomer  is  required. 

She  opomtion  of  a  ^jrplcal  circuit  for  utilising  50#  120/208  ^!00 

cps  power  input  as  shown  in  Figure  20  is  as  foUovs.  During  the  IW 
electrical  degrMS  that  the  line  to  neutral  voltage  of  phase  A  of  the  tmpplj 
to  the  frequency  changer  is  hi^^cr  than  that  of  the  oUier  two  phases,  Hm 
two  silicon  controlled  reetlf  leaf  connected  to  phase  A  of  the  supply  altcr- 
i»tely  eonduct  current.  Ihs  rata  at  which  these  two  e<mtrolled  rectifiers 
switch  is  detemined  hy  the  timing  of  the  firing  pulses  that  are  sent  to 
their  gate.  Ihe  cooButatioB  or  transfer  of  the  load  current  fron  one  recti¬ 
fier  to  the  other  is  aeeonpllshed  hy  ‘Uie  eonnutatlng  eapaeitor  0. 

During  the  next  120  electrical  d^prees,  tiie  line  to  neutral  voltage  of 
phase  B  of  the  supply  is  the  highest  aM  the  two-controlled  rectifiers 
connected  to  this  phase  take  over  the  switching  of  the  load  current.  She 
silicon-controlled  rectifiers  connected  to  phase  A  and  C  are  idle  during 
this  ptriod. 

She  output  frequency  is  dependent  on  the  frequency  of  the  controlled 
rectifier  firing,  and  this  follows  some  reference  such  as  an  oscillator. 

During  the  operation  of  a  frequency  changer  of  this  type,  when  one  sUieon- 
controlled  rectifier  is  fired,  the  capacitor  charges  according  to  time 
constant  detemined  hy  the  eoomut&ting  capacitor  Cl,  the  inductance  of  the 
neutral  choke  LI,  and  the  impedance  of  the  load.  A  transformer  voltage  is 
then  reproduced  since  the  capacitor  is  in  parallel  with  the  transformer. 

When  the  second  rectifier  of  the  pair  which  is  connected  to  the  other 
half  of  the  primary  is  fired,  the  capacitor  discharges  around  the  omt 
short  circuit  path.  The  discharge  current  passes  forward  through  the  ecsitrollsd 
rectifier  turning  it  off.  The  capacitor  now  charges  in  the  opposite 
direction  until  the  first  rectifier  is  again  fired.  This  oenmutatien  pro¬ 
cess  continues  with  the  controlled  rectifiers  producing  the  high-frequency 
voltage  in  the  output  transformer. 

In  order  for  this  circuit  to  coomutate,  the  total  load  must  he  capaci¬ 
tive  or  reinresent  a  leading  power  factor;  the  commutating  capacitor  being 
ccmsldered  part  of  the  load*  If  an  inductance  is  added  to  the  load,  'Uie 
capacitor  value  may  have  to  be  changed  to  keep  the  total  power  factor  lead¬ 
ing.  !Ihi8  circuit  can  operate  with  a  saximum  power  factor  of  .96,  ai^  a 
minimum  of  zero.  Di  other  words,  the  circuit  can  operate  at  no  load  with 
only  the  commutating  capacitor.  However,  if  the  val\ie  of  capacitance  is 
large  (approaching  zero  power  factor),  high  voltage  will  appear  across  the 
power  transfomer  and  across  the  ccmtrolled  rectifiers.  These  voltages 
are  much  in  excess  of  the  applied  supply  voltage  and  could  easily  exceed 
the  ratings  of  the  switching  components. 
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She  operating  freqpieney  of  this  cireiilt  Is  Halted  by  the  controlled 
reetlflera  need.  If  tlm  controlled  rectifier  is  selected  for  a  short 
tiira*K^  tine  and  the  transforaer  leakage  Is  kept  to  a  alnimua,  opentlng 
freqwncies  up  to  35iOOO  cycles  per  second  and  beyond  could  be  realised. 
Ite  stfitching  pover  capability  of  SCR  deyices  is  also  Halted  by  freqtmoey. 

Oireet  Sine  ^ee  torerter 


Che  operation  of  the  direct  sine  wave  Inver^r  may  be  described  as 
foHoirs:  Cbe  DC  voltage  is  applied  as  shoim  in  Figure  Sid.  Oapacitors 
Pi  and  Cz  are  kept  from  charging  because  silicon  ccmtrolled  rectifiers  GRl 
and  CRS  are  in  their  blocking  state.  If  a  pulse  is  applied  to  both  SCSI 
gates,  only  SCSI  vill  fire  as  CR2  is  reverse  biased.  As  starts  to 
conduct  current,  flovs  in  the  direction  indicated  through  the  load 
and  charges  capacitor  Cg  to  tvice  the  applied  voltage  B.  Since  the 
voltage  on  C2  is  of  the  polarity  shoim,  CRl  becomes  back  biased  and  returns 
to  its  blocking  state.  CR2  is  noir  fonmrd  biased  and  begins  to  cordi:»t, 
causing  current  I2  to  flour  through  the  load  T^;  in  tl»  direction  shovn  a^ 
causing  capacitor  C2  to  discharge.  When  capacitor  discharges  comidetely, 
silicon  controlled  rectifier  CR2  returns  to  its  blocking  state  and  CSl 
starts  to  conduct  repeating  the  cycle  at  half  the  rate  of  the  applied  gate 
l^ses. 

SCR  Bower  Chopper 

Ihe  operation  of  this  circuit  depends  on  the  tzse  of  a  gate-controlled 
silicon  controlled  rectifier,  that  is,  an  SCR  which  can  be  turned  on  with  a 
positive  pulse  and  turned  off  with  a  negative  pulse.  I^ie  circiiit  for  the 
power  chopper  is  shown  In  Figure  21B.  A  voltage  V  is  applied  with  the 
polarity  as  shown  and  this  causes  capacitor  C],  to  charge  through  resistor 
Rj^  and  output  transfonaer  Ti .  When  the  voltage  of  C;|^  reaches  the  break¬ 
down  value  of  diode  D,  (20v  to  ^V),  a  positive  pulse  is  applied  through 
R3  to  the  gate  of  silicon  controlled  rectifier  CRl  causing  It  to  c(xaduet 
current  through  the  load  transformer  As  CRl  starts  to  conduct, 
capacitor  C2  starts  to  chaorge  through  R. *  When  the  voltage  across  C2 
reaches  the  breakdown  voltage  of  diode  D2,  starts  to  conduct  a  current 
Z  p  as  shown  causing  CRl  to  retiurn  to  its  blocking  state.  C^^  then  starts 
tS'^charge  causing  the  cycle  to  repeat.  This  circuit  then  is  free  running 
compared  to  the  sine  wave  Inverter  which  has  to  be  pulsed  at  a  rate  twice 
the  output  fre<iuency. 

For  this  study  the  SCR  power  chopper  circuit  was  chosen  for  detailed 
analysis  and  ccsnparison  with  the  transistor  circuit  and  is  described  in 
the  Appendix. 

Trams  is  tor  lype  Inverter  -  With  recent  developments  in  high  power,  high- 
frequency  transistors,  it  is  now  possible  to  design  a  DC  to  AC  frequency 
converter  with  outputs  of  several  thousand  watts.  These  pover  transistors 
have  remar'r'.able  frequency  capabilities  even  Into  the  megacycle  range. 

Transistor  inverters  may  roughly  be  classified  into  three  types, 
although  all  are  based  on  rectifications  of  the  Inccsning  AC  to  DC,  then 


i^generating  a  nev  frequency.  Ihe  first  type  ol^t  t>e  called  a  power  chopper. 

In  this  typ^*  of  systea  the  Incoming  altv^mating  Yoltage  ie  rectified,  filtered, 
then  switched  hy  power  switch  at  the  desired  frequency  as  shown  in  Figure  22A. 
The  8tep>up  traoafomer  T],. transforms  the  outpit  woltage  to  the  desired  level. 
The  power  switch  in  this  case  is  a  transistor  or  a  group  of  transistors  ir. 
parallel.  The  switch  can  be  a  silicon-ccMotrolled  rectifier  bfut  due  to  the 
frequency  limitation  of  sillcon-cimtrolled  rectifiers,  transistors  oust  be 
used  in  this  application  with  a  corresponding  loss  in  efficiency  due  to  the 
additional  power  loss  In  each  transistor. 

One  design  aspect  which  must  be  considered  in  using  the  DC  chopper  tech> 
olque  is  the  DC  magnetization  of  the  transformer  core  resulting  fro'j  the  large 
TX  current  present  in  the  primary  windings .  Three  methods  can  be  used  to 
correct  this  IX!  magnetization  effect  and  establish  a  "flux  reset*'  in  the  trans¬ 
former.  One  technique  is  the  use  of  an  air  gap  in  the  transformer  which  pre¬ 
vents  the  transformer  core  from  saturating.  Another  technique  is  the  use  of 
an  extra  transformer  winding  of  the  proper  polarity  to  cancel  the  unwanted 
field  flux.  The  third  technique  is  to  use  an  increased  amount  cf  iron  in  the 
core.  Any  of  these  methods  will  result  in  a  weight  penalty.  Eowever,  this 
penalty  will  be  small  due  to  the  small  size  and  wei^t  of  the  transformer 
required  at  the  high  frequencies  proposed  in  the  Inrerter  design.  Selection 
of  the  technique  to  be  used  can  easily  be  made  in  the  prototype  transformer 
design  stage.  loplementatlon  of  the  "fluA  reset"  technique  {aaj  one  of  the 
three  mentioned)  presents  no  real  problem  1’*'.  the  design. 

The  second  type  of  transistor  Inverter  might  be  called  the  power  square 
wave  oscillator.  In  this  type  of  circuit  the  input  alternating  current 
Is  rectified,  filtered,  and  used  as  the  supply  voltage  for  a  square  wave 
oscillator.  The  operation  of  this  circuit  (see  Figure  22B)  is  as  follows; 
Assume  that  transistor  A  is  conducting  and  transistor  B  is  off.  The  yoltage 
E  is  now  across  winding  (2)  of  the  transformer,  with  the  polarity  as  shown. 
Voltages  of  the  same  polarity  are  Induced  in  the  other  winding;  this  restilts 
iP  a  positive  base  voltage  at  B,  and  a  negative  base  voltage  at  A.  This  main¬ 
tains  A  conducting  and  B  at  cutoff. 

The  voltage  E  across  winding  (2)  produces  an  Increase  of  fliu  in  the  core 
untix  it  saturates.  At  saturation  the  current  in  wlm’ing  (2)  rapidly  rises 
and  the  reactance  drops,  causing  the  voltage  in  the  remaining  windings  to 
disappear.  The  negative  base  drive  is  removed  from  transistor  A,  so  that 
it  is  nonconducting.  The  cuirent  of  the  winding  is  then  zero,  and  the  flux 
drops.  The  flux  change  induces  voltage  in  the  windings  opposite  in  polarity 
to  the  previous  condition.  This  catises  transistor  B  to  start  conduct liig 
with  transistor  A  maintained  off.  Voltage  E  is  now  across  winding  (3)  wid 
the  cycle  repeats  itself  in  the  reverse  direction. 

Eor  high  power  output  the  circuit  of  Figure  23  can  be  used.  It  is  essen¬ 
tially  the  same  as  Figure  22B  except  that  it  uses  two  transformers  instead  of 
one.  By  use  of  two  transformers,  the  input  transformer  saturates;  therefore, 
the  extra  current  necessary  at  satviratlon  is  small  compared  to  the  load 
current.  This  allows  the  use  of  a  small  square-core  driver  to  dtlve  a  much 
larger  power.  The  output  transformer  then  works  linearly  to  step  up  the 
output  voltage  to  the  required  level.  The  input  voltage  is  divided  equally 
across  the  four  s(*rles  primary,  subjecting  each  transistor  to  only  half  of 
thf  3a[  ply  voltag* 
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The  third  type  of  trajislstor  inverter  co-.’ld  be  called  an  II  power 
generator  (refer  to  Pigare  22C).  The  RF  frequency  is  generated  by  a  low 
level  precision  oscillator.  Tne  output  of  the  oscillator  is  applied  to  a 
pulse  width  oodiilator,  which  regulates  the  output  voltage  by  controlling  the 
on-off  time  of  the  driver  circuit  and  this  actuates  the  power  output  stage. 

The  duration  of  the  square-wave  voltage  is  controlled  durir^  each  liaif  cy  le 
as  it  is  applied  to  the  driver  section.  For  low  line  and  high  load  con¬ 
ditions  of  the  inverter^  the  square-wave  voltage  actuates  the  driver  circuit 
during  iSo'^  of  each  half  cycle  of  the  inverter  frequency  at  hlgii  line  and  low 
load  conditions,  the  driver  is  actuated  only  for  approximately  90^  of  each  half 
cycle.  This  reduces  the  "on"  time  of  the  power  switches  resulting  in  reduction 
of  output  power  at  constant  output  voltage. 

Shockley  Fbur-Layer  Diode  Inverter  -  Simple,  efficieiit  and  versatile  solid'' state 
In/erters  may  be  made  using  Shockley  four-l^er  diodes.  These  Inverters  iTk/  be 
usei  for  the  generation  of  alternating  current  from  a  direct  current  source . . 

With  the  addition  of  a  transformer  and  rectifier,  a  direct  current  at  a  high 
voltage  can  be  obtained.  7%e  alternating  current  is  obtained  hy  switching  a 
constant  current  first  into  one  side  of  a  transformer  and  then  into  the  other. 

Two  basic  circuits  are  shown.  The  first  is  a  high  efficiency  circuit 
requiring  a  mlnltBum  of  coorponents.  The  second  circuit  provides  extra  protection 
against  lock-on  from  wide  load  changes,  loads  of  varying  power  factor,  or  changes 
in  supply  voltage.  Several  types  of  four-layer  diodes  are  available  providing  a 
range  of  current  in  t'le  primary  of  the  transformer  from  ma  to  amperes .  Supply 
voltages  up  to  80  vjtiB  may  be  uaed  with  a  single  four-layer  diode  in  each  side 
of  the  inverter.  Higher  supply  voltages  may  be  employed  by  using  several  four- 
layer  diodes  in  series. 

Figure  2Ua  a  high  efficiency  DC  to  AC  power  converter.  The  circuit 
alternately  switches  a  fixed  current  (supplied  through  Li)  Into  the  two  halves 
(^  and  P2)  of  the  primary  of  a  center-tapped  transformer  (Tx).  The  frequency 
Is  controlled  externally  by  pulses  received  at  the  trigger  point.  A  cycle  la 
completed  for  every  two  pulses  received  at  the  trigger  point. 

The  circuit  can  be  designed  to  operate  at  any  frequency  from  a  few  hundred 
cycles  to  20  kilocycles  or  wore.  The  DC  supply  voltage  may  be  from  six  volts 
to  several  hundred  volts.  The  power  output  is  limited  by  the  maximum  current 
which  may  be  switched  in  the  primary.  Ihe  circuit  efficiency  is  a  function  of 
DC  supply  volta^'e,  with  a  practical  maximum  of  95  percent  at  higher  supply 
vc..tages  and  a  ninlraum  value  of  75  percent  for  a  six  volt  DC  supply.  For 
supply  voltages  above  20  volts,  efficiency  is  determined  principally  by  losses 
in  the  transfonaer  (Ti)  and  the  coil  (Li). 

T!ie  circuit  in  Figurv®  2hA  operates  as  follows:  When  four- layer  diode 
4Dx  Is  conducting,  current  from  the  DC  sxipply  is  passed  through  the  loop 
composed  of  Iq,  and  4D]^.  This  current  is  limited  by  the  impedance 
reflected  into  from  the  secondary  of  the  transformer.  Point  A  will  be 
the  holding  voltage  of  and  in  series  (l  to  2  volts).  The  center 

tr  of  the  transformer  will  be  at  Vq,  and  point  B  will,  by  transformer 
''oupllng  between  Pi  and  P2,  be  at  a  voltage  of  2Ve. 
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A  negative  pulse  of  sufficient  amplitude  applied  to  the  trigger  point 
will  now  switch  Into  Its  conducting  state.  !Hie  voltage  on  the  commuta¬ 
ting  capacitor  which  is  coupled  from  the  transformer  secondary  into 

the  two  primary  legs,  will  drive  point  A  negative  hy  a  voltage  of  2V,, 
switching  off  The  DC  supply  current  will  thus  he  commutated  from  P, 

Into  ^2’  ^^8  current  may  be  assumed  to  be  constant  during  the  switching 
transient  due  to  the  presence  of  L, .  As  the  current  and  voltage  reach 
their  steady-state  values,  point  B“wlll  be  at  1  to  2  volts,  point  A  will 
be  at  plus  2Vb  volts. 

The  next  negative  trigger  pulse  will  switch  on  again,  and  the 
commutating  capacitor  will,  through  transformer  action,  switch  4D2  off, 
completing  the  cycle. 

The  inverter  efficiency  is  partlctilarly  sensitive  to  certain  design 
conditions.  With  proper  care,  however,  a  highly  efficient,  trouble-free 
circuit  may  be  obtained.  The  switching  voltage  of  UD.  smd  must  be  at 
least  twice  the  DC  supply  voltage.  A  margin  should  be  allowed  to  provide 
protection  against  false  firing  due  to  noise,  high  temperature  or  other 
problems  peculiar  to  special  application.  The  maxlimim  primary  current 
should  be  limited  to  twice  the  DC  current  rating  of  the  four -layer  diodes. 
Also,  the  inductance  Lq^  must  be  large  enough  to  insure  constant  current 
during  the  switching  transient.  It  must  also  be  such  that,  in  combination 
with  the  reflected  R  and  C  provided  by  the  trauisformer,  oscillations  in 
the  current  do  not  occur  which  might  turn  the  conducting  diode  off.  For 
maximum  efficien^'.y  the  coll  should  have  a  high  Q  (low  re  listanee). 

The  design  of  the  transfonner  (t^^)  is  most  important.  A  unity  coupl- 
liig  coefficient  for  all.  values  of  primary  current  is  required.  Transformer 
efficiency  must  be  high  for  maximum  circuit  efficiency.  Saturation  of  the 
transformer  will  cause  the  inverter  to  lock-on  (see  below).  Poor  coupling 
reduces  the  range  of  load  variation  possible  and  requires  a  larger  commuta¬ 
ting  capacitor.  Poor  coupling  also  tends  to  cause  lock-on. 

One  of  the  standard  problems  of  high  efficiency  parallel  inverters  is 
their  tendency  to  lock-on;  i.e.,  for  both  sides  of  the  inverter  to  be 
turned  on  and  stay  on.  Protection  againn  this  possibility  nay  be  provided 
by  using  a  normally  closed  relay  in  place  of  and  passing  the  DC  supply 
current  through  both  the  relay  contacts  and  the  actuating  coll.  The  relay 
should  be  selected  to  operate  at  a  current  level  somewhat  less  than  twice 
tl:c  nonnal  circuit  current.  Colid-sUite  protection  against  lock-on  in 
p]ace  of  the  relay  is  discussed  below. 

Tne  solid-state  inverter  circuit  shown  in  Figure  24B  provides  unusxially 
reliable  performance  under  extreme  conditions  of  load  variation,  load  power 
factor,  or  supply  voltage  variations.  The  circuit  is  fall-safe  in  that 
the  surrly  current  drops  to  zero  when  the  load  is  shorted.  When  the  short 
Is  removed,  normal  operation  Is  rec\uned.  The  circuit  will  continue  normal 
desr  ite  lurjc  chuvies  in  supply  v-.l-:  ; -e  or  !X)or  Icud  power  factors.  A 
rnohest  loss  of  efficiency  -  ten  per  cent  to  fifteen  per  cent  is  required 
to  obtain  this  protection  wh<-n  compared  with  the  high  efficiency  circuit 
of  Flgiure  24a. 
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The  hl£^  reliability  eireixit  uses  outrigger  etages  vfaich  defiaitelj 
turn  oft  the  adjacent  conducting  legs  of  the  baiie  ianrerter  when  a.tri^r 
pulse  le  received.  Independent  of  the  state  of  the  other  betsic  Inverter 
leg.  The  onset  of  conduction  in  a  given  outrigger  stage  will  also  trigger 
the  previously  ncnccmdueting  Inverter  leg  into  the  conducting  state  under 
nomal  operating  conditions. 

Design  considerations  for  the  basic  Inverter  are  the  same  as  described 
above  for  Figure  24B.  Note  the  absence  of  the  coenautatlng  capeicltor  in  the 
transforoer  secmdary.  This  function  is  provided  hy  the  outrigger  stages. 

A  Tunnel  Diode  Static  liverter  -  A  slnple  static  inverter  circuit  consist¬ 
ing  of  tvo  tunnel  diodes  and  a  transformer  wound  on  a  square-loop  magnetic 
core  was  reviewed  earlier  in  this-inr^ptam.  The  technlqtxes  are  feasible 
and  are  described  in  limited  detail  in  this  section.  The  circuit  ta'ovldes 
a  practical  method  for  stepping  up  voltages  of  the  order  of  0.2  volt  to 
practical  values. 

Di  rractlce,  the  low  voltage  of  a  tunnel  diode  (a  flaetion  of  a  volt 
per  unit)  constitutes  a  problem,  since  connecting  many  units  in  series  to 
obtain  useful  voltage  rapidly  becomes  uneconomical  and  unreliable.  Based 
on  this  Inherent  problem,  only  a  limited  amount  of  study  time  was  expended 
on  the  tunnel  diode  technique.' 

It  would  be  highly  desirable  to  use  a  single  high-current  unit,  chop 
the  current,  pass  it  through  a  step-up  transformer,  and  use  the  output 
either  in  its  AC  form  or  rectify  It  for  DC  applications.  However,  no 
sta'^lc  device  at  present  Is  capable  of  being  used  as  a  chopper  in  such  a 
clrcxxlt,  because  the  saturation  resistance  of  the  high-power  transistors 
and  silicon-controlled  rectifiers,  while  low,  would  still  be  much  too  high 
for  efficient  use  in  such  a  low -voltage  circuit.  Even  mechanical  devices 
would  offer  formidable  contact  problems. 

As  a  solution  to  this  problem,  a  high-power  tunnel  diode  static 
Inverter,  using  very  high -current  tunnel  diodes  and  a  square -Ippo  B»gnetlc 
core  transformer  is  required.  Tunnel  diodes  are  not  affected  by  tempera-  , 
ture  or  radiation  to  the  extent  as  are  transistors  and  inasmuch  as  they 
are  used  as  switches  in  a  circuit  which  consists  entirely  of  static  com¬ 
ponents,  the  Inverter  should  be  both  highly  reliable  and  stable.  The 
circuit  employed  is  shvwn  in  Figure  24c  and  consists  of  tvo  tiainel  diodes 
and  a  square-loop  magnetic  core  transformer.  It  depends  for  its  operation 
on  the  tunnel  diode  characteristic,  as  shown  in  the  Figure  24D. 

Ibe  frequ^>yv.’y  of  this  circuit  depends  upon  the  size  of  the  core,  the 
number  of  turns  on  the  primary  windings  and  the  input  voltage. 

Since  the  input  voltage  is  limited  to  approximately  0.2  volt  (for 
germanium)  it  is  obvious  that  to  obtain  any  appreciable  power,  the  peak 
current  of  the  tunnel  diode  must  be  very  large.  At  the  present  state  of 
the  art,  tunnel  diodes  are  made  in  the  *1,0C0  ampere  range,  but  no 
theoretical  peak  current  limit  exists.  Apjarently,  the  peak  current  is 
only  a  fimction  of  cross-sectional  area.  Improved  fabrication  techniques 
should  produce  the  large-area  uniform  Junctions  needed  for  peak  currents 
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several  orders  of  magnitude  larger  than  those  vhleh  are  capable  of  being 
produced  at  present. 

The  efficiency  obtained  for  this  converter  circuit  vlU  depend  largely 
upon  the  ultimate  characteristics  of  the  Improved  tminel  diodes.  Using 
tunnel  diodes  in  converter  circuits  in  thermloii '  and  thermoelectric  pcver 
supplies  is  appealing  and  shouxd  be  the  subject  t.  further  research. 
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^bctnas  tribes  are  need  e^rtoaelveljr  as  a  prise  source  of  r^f  poser  la 
eles-^roole  heaters.  lR!ietns2  tube  oscillators  bave  fr^uency  capabilities 
ranging  froai  100  KC  to  1  MS  and  higher,  with  poser  outputs  frcn  1  to  500 
XW  or  Bore.  Oielr  greatest  use  is  in  the  range  frcn  150  to  500  KC  at  5 
to  100  XW.  With  these  knosn  eharaeteristicsj.  an  r-f  generator  converter 
systei  ai^peeured  feasible  for  use  in  a  ccmverter  systen.  A  por'  ion  of  this 
study  was  centered  on  the  design  of  such  a  qrstesi. 

In  terms  of  electronics,  r>f  poser  generating  equipment  is  not  at  all 
complex.  Usually  a  poser  triode  is  used  with  three  related  circuits  a 
pyuir  supply,  a  control  circuit,  and  an  output  tank  circuit.  Energy  from 
the  pos^  supply  is  changed  into  r>f  energy  by  the  oseiUator-generator 
and  then  applied  to  the  load  through  a  tank  c  *reult  and  matching  device  as 
shosn  in  Figure  2$*  H*f  ptnrer  from  a  ^stoa  such  as  this  is  used  exten¬ 
sively  for  induction  heating  and  makes  use  of  Class  C  oseiUatcr  techniques. 

A  Typical  RF  System  -  An  r-f  poser  generation  system  is  described  in  a 
section  on  Stator  Tube  Ccaverter  and  uses  a  single  high  poser  oscillator 
tube  with  thyratron  tubes  for  control  of  the  output  poser  level.  Line 
poser,  such  as  would  be  available  from  the  SNAP  or  SHJR  system,  goes  to 
both  the  plate  poser  and  filament  poser  circuits  and  to  the  control  cir¬ 
cuit.  Ccsitrol  of  the  grid  circuits  of  the  thyratrcu  tubes  allows  adjust¬ 
ment  of  the  plate  voltage  of  the  oscillator,  which  in  turn  varies  the 
power  output  to  the  load.  Eqxilpment  protection  features  are  required,  in 
an  r-f  power  system  in  addition  to  cooling  for  the  oscillator  tube. 

Plgtire  25  ^  typical  r-f  generator  syston  In  which  the  source  of  r-f 

load  (work  coil)  power  is  the  tank  and  oscillator  tube  circuit.  Here  the 
tank  circuit  is  simply  a  parallel  circuit  tuned  to  the  required  frequency 
with  the  tank  capacitor  storing  eneigy  in  the  form  of  kllovolt*aniperes  and 
then  discharging  it  across  the  tank  coil.  The  load  (work  coll)  can  be 

either  part  or  all  of  the  tank  coil,  6r  it  car  be  the  secondary  of  an  r-f 

transformer.  %riou8  basic  tank  circuits  used  are  shown  In  Figure  26.  The 
following  symbols  are  used: 

»  tank  voltage 

a  dynamic  tank-circuit  impedance 
a  tank  circulating  current 

*  tank  capacitor,  source  of  tank  kilovolt-amperes 
a  tank -coll  5iductance,  including  strajm 
=  tank-coil  resistance,  including  strays 
»  effective  load  (work  coll)  Inductance  under  load 

»  effective  load  (work  coll)  resistance  under  load 
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SUPPLY 


LOAD 


Fip\:re  2^.  R  ?  Generator  Tube  System  Schematic 
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3  coll  or  load  current 
»  coll  or  load  voltage 

a  coll  boosting  or  poirer  factor  correction  capacitor 
a  transformer  prlmaxy-vlndlng  Inductance 
«  transformer  primary-winding  resistance 
a  mutixal  transformer  Inductance 


«  transformer  secondary-winding  Inductance 
Pj  a  power  Into  tank  circuit  (Q:om  tube) 

(Jj  a  effective  tank  circuit  Q  with  loaded  work  coll 

R  a  coupled  transformer  secondary-winding  resistance 

8 

The  type  of  tenk  circuit  used  depends  on  range  of  generator  applications. 
Where  loads  of  the  r-f  power  system  may  vary  considerably^  but  coupling  to 
the  load  is  very  low  emd  ft  values  are  not  excessive,  the  coupled  transformer 
circuit  of  Figure  26D  Is  most  suitable.  If  the  impedance  varies  considerably, 
a  variable  coupling  concept  should  be  used. Ordinarily,  the  load  impedance 
Is  low  with  a  low  Q  value.  This  means  a  high  value  of  I  ,  usually  higher  than 
Ip,  but  it  does  not  necessarily  mean  a  high  coll  kilovolt-amperes  if  Is 
low.  This  type  of  generator  output  is  low-impedance  or  low  KVA,  Its  main 
disadvantage  is  that  transformer  KVA  losses  vary  between  75  to  85  per  cent 
(variable  coupling)  and  60  to  75  per  cent  (fixed  coupling). 


When  the  load  Impedance  and  Q  values  are  high  and  many  coll  turns  are 
required,  the  split  tank -coil  circuit  of  Figure  26B  csm  be  used.  It  pro¬ 
vides  a  higher  coil  KVA,  in  fact  the  load  in  this  configuration  can  serve 
as  the  complete  tank  coil  if  necessary.  Current  values  are  not  so  high  as 
in  coup]f;d  circuits.  Figure  26C  is  a  compromise  between  high  and  low  Imped¬ 
ance  circuits  and  has  a  distinct  advantage  where  autcmiatic  impedance  matching 
is  required. 

Power  losses  in  an  r-f  power  system  vary  according  to  the  Q  of  the  load, 
the  coupling  coefficient  of  the  transformer  (if  used)  and  the  stray  losses. 
The  circuit  of  Figure  26D  may  be  between  75  to  80  per  cent  efficient  for 
t.i's  of  five  to  ten,  dropping  to  65  to  70  per  cent  for  Q's  of  15  and  20. 
Circuit  of  Figure  26B  usual] y  has  to  work  into  a  high  Q  coll  resulting  in  a 
power  efficiency  of  70  to  30  per  cent.  Coll  leads  are  very  important  In 
these  circuits  and  should  be  kept  to  a  minimum  length.  Due  to  high  KVA 
required  and  the  radio  frequencies  employed,  the  Inductance  of  coil  leads 
can  cause  considerable  losses. 
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Qaanator  gtafee  Power  Suppllas 


11m  tube  plate  pover  supply  Is  a  source  ef  DC  'foltaget  usually  bettreen 
3*000  to  12*000  volts  and  is  capable  of  giving  a  DC  plate  current  which  asy 
range  fron  200  na  to  20  amperes*  depending  on  the  tube  poirar  requirements. 
Most  circuits  Include  a  hl^  voltage  transfooniier  and  rectifiers.  Vor 
generators  with  outputs  greater  than  3  K(f*  circuits  of  Figure  27A  and  27B 
are  used.  Ihcy  present  a  balanced  load  to  the  supply  line.  Ihe  full  wave 
circuit  of  Figure  27A  has  less  than  five  per  cent  peak  ripple  voltage  and 
xequlres  no  smoothing  circuit. 

Oscillator  tdbes  of  the  tm  used  in  this  particular  circuit  and  typi¬ 
cal  of  those  shown  in  Flgture  28  requixe  liquid  coolants.  Liquid  cooling  of 
the  oscillator  anode  is  by  oeems  of  a  fluid  coolant  Jacket  around  the  tube 
in  which  a  ccmtinuous  flow  of  coolant  is  maintained,  tor  applicatica  to  a 
space  systan*  a  closed-loop  type  of  cooling  system  with  a  circulating  cool¬ 
ant  would  be  required,  ihe  tubes  supply  a  high  impedance  constant-current 
source  of  power  and  have  to  match  into  widely  varying  loads  in  a  typical 
Induction  heating  circuit.  The  design  is  usually  rugged  for  Industrial 
purposes  and  is  based  on  triode  principles.  Filaments  utilise  thorlated 
tungsten  and  have  high  emission  and  long  life.  Host  triodes  operate  in  a 
Class  C  condition  as  oscillators  at  70-^  efficiency. 
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A  THREE-PHASE  FULL  WAVE  SINGLE  WYE 


o— jj" 


StMS  ”  ^DC  ^IV  *  ®D-C  ^D-C 


^RMS  "  ^ 


B  THREE- PrL\SE  HALF  WAVE  SINGLE  WYE 
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FREQUSKCY  MDLTIPLIERS 


Another  approach  to  hig),  frequency  power  is  use  of  laagnetlC'iiraltipller 
techniques.  These  were  inv  stlgated  and  found  to  be  feasible  only  In  the 
lower  frequency  ranges  (possible  to  20  KC).  Where  the  quail../  of  power 
required  is  not  too  critical  (as  in  the  Litton  accelerator},  the  reliability 
and  long  life  of  a  magnetic  type  of  frequency  multiplier  is  worthy  of  con¬ 
sideration. 


The  size  of  magnetic  multipliers  in  induction  heating  pcver  systems  is 
greater  than  an  equivalent  motor -genera\;or  set  and  the  efficiency  tends  to 
be  lower,  but  the  device  possesses  advantages  of  simplicity,  low  maintenance 
cost,  ruggedness  and  static  operation.  A  two-stage  frequency  sextupler  was 
one  of  the  types  analyzed  during  the  study.  (Figure  29  shows  a  ty:)ical 
magnetic  multiplier).  The  discussion  which  follows  gives  an  Indication  of 
the  simplicity  and  performance  of  typical  magnetic -multiplier  sy^«B><* 

Ihe  major  undesirable  features  of  magnetic  frequency  nroltlpllers  are 
the  low  input  power  factor  and  the  relatively  large  size  of  equipment. 

With  the  development  of  better  core  materials  and  circuits,  a  great 
improvement  in  these  features  has  been  achieved  recently.  Power  at  fre¬ 
quencies  of  two  to  six  times  the  Input  frequency  may  be  generated  with 
reasonable  efficiency. 

Generally,  in  magnetic  multiplier  circuits,  non-linear  magnetic 
reactors  are  connected  in  a  symmetrical  multiphase  fashion  using  the  cores 
to  produce  harmonics,  and  using  symmetrical  interphase  connectlwiB  to 
isolate  desired  groups  of  harmonics  without  the  use  of  filters,  ihc 
synthesis  and  analysis  of  frequency  zraltlpllers  is  complicated  both  by  the 
presence  of  non-linear  elements  and  by  the  m\iltipliclty  of  different  linear 
network  connections  which  can  be  used  in  harmonic  Isolation.  Selection  of 
a  best  circuit  is  related  to  economic  and  application  factors;  l.e., 
whether  input  power  factor,  saturating  core  cost,  or  output  voltage  level 
is  most  significant. 


A  Two-Stage  Frequency  Sextupler  -  Flgiire  29  Illustrates  an  improved  sex¬ 
tupler  circuit  using  a  doubler  cascaded  with  a  symmetrical  frequency 
tripler.  Kere  Ej.  is  the  output  of  the  tripler  stage  and  is  the  supply 
voltage  to  the  doubler  stage  and  has  an  almost  rectangiilar  wave  shape. 

The  load  voltage  Ej  is  also  a  near -rectangular  wave  shape.  The  doubler 
stage  enters  a  current -limited  mode  of  operation  when  load  R  becomes  less 
than  a  certain  critical  value  corresponding  to  a  peak  value  of  load  ciur- 


rent  equal  to  the  DC  bias  Ijj  on  the  doubler, 
cannot  supply  an  interstage  current  having  a 
the  DC  bias  on  the  tripler.  Thus  if  i 


Similarly,  the  tripler  stage 
peak  value  greater  than  twice 


T.- 

-a 
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then  both  the  doubler  stage  3,r..l  the  tripler  stage  will  become  current 
limited  for  the  same  critical  value  of  H,  smd  the  performnce  of  the  two- 
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FigMTtt  29.*'‘aenetic  Multiplier  Technique 


stage  cireiiit  viU  be  optimum^  l^irisg  the  current  limited  mode  in  irtiieh  R 
is  less  than  critical,  the  circuit  becooes  a  source  of  sextuple  frequene/  * 
current  vith  rectangular  wave  of  nagnitMe  provided  the  equation  above 
is  satisfied.  Performance  data  of  this  tvo-stage  circuit  is  shown  in 
Figure  29.  It  can  be  shown  that  the  load  voltage  regulation  of  a  two- 
stage  circtiit  is  better  than  that  of  the  simple  one-stage  sextujder  circuit. 
Ihe  performance  of  the  sextupler  can  be  improved  by  using  an  interstage 
capacitor  C  to  correct  the  doubler  stage  power  factor,  but  this  distorts 
the  interstage  voltage  EC  and  gives  E  a  saw-toothed  shape. 

Xhe  following  conclusions  can  be  drawn  from  this  part  of  the  study: 

1.  If  phase -changing  transformers  are  incltided  in  the  circuit  to  pro¬ 
vide  multiphase  star  outputs,  any  number  of  multiplications  is 
possible.  In  practice,  nine  or  eleven  times  appears  to  be  a 
reasonable  limit  to  any  one  stage.  The  output,  of  course,  can  be 
fed  to  another  stage. 

2.  Upper  limit  in  frequency  is  unknown  (probably  is  near  20  KC). 

3.  At  present,  the  size  of  multiplier  devices  in  induction  heating  is 
greater  than  that  of  the  equivalent  motor -generator  set  and  the 
efflcisncy  tends  to  be  lower. 

k.  The  inherent  advantages  of  simplicity,  lew  maintenance  cost, 
ruggedness,  and  static  operation  make  these  devices  desirable 
for  frequencies  which  are  not  too  high. 

5.  The  Inherently  low-input  power  factor  requires  considerable 
correction. 

TRANSFORMERS 


As  a  part  of  the  Investigation  of  converter  devices,  a  review  of  trans¬ 
former  design  techniques  was  made.  The  general  transformer  equation  can  be 
used  to  show  how  various  parameters  affect  transformer  size. 

W  =  I/U5  f  P  bXa  JL 
r  c  *  c  i 


where 

A  =  area  of  core  window 

c 

=  core  cross-sectional  aures 

Wj,  =  load  volt -amperes  of  transformer 

f  s  frequency  in  cycles  per  second 

F  =  winding  space  factor 

c 

=  core  space  factor 
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B  •  naxlmun  fltuc  density  In  kllollnes  per  square  Inch 

\  >  current  density  In  klloanperes  per  square  Inch  of 
conduetor 

MLnlmua  size  of  transformer  means  using  the  best  ratio  of  copper  to 
core  material.  If  the  configuration  of  the  transformr  Is  held,  constant 
i^lle  other  parameters  are  varied^  then  the  effect  of  these  parameters  on 
transfoirmer  volume  can  be  investigated.  When  all  other  size  reductlcm 
methods  have  been  considered,  an  optimum  configuration  can  then  be  computed 
to  give  either  minimum  volttme  or  minimum  weight.  To  obtain  an  expression 
for  volure,  the  equation  can  be  rewritten: 

^  *1  f  Pj  B  A 

V  o<  a^,  a^,  A^ 


where 


then 


or 


V  »  volume  and  a  any  linear  dimension  of  the  transformer 


V  ( 


f  Pg  B  A. 
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A  configuration  coefficient  can  then  be  defined  such  that 


*  ^  f  fl  Fa  B  A.^ 
c  X 
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We  can  now  cce  which  parameters  to  manipulate  In  order  to  reduce  transformer 
size.  To  be  considered  at  the  same  time  are  penalties  In  loss,  regulation, 
and  heating  which  occur. 

PrcHD  the  above  equation  it  becomes  evident  that: 

1.  Transformer  output  (Wj.)  should  be  kept  to  a  minimum. 

2.  The  treuisformer  should  be  used  at  the  highest  frequency  (f) 
possible . 

3.  Size  Is  reduced  by  increasing  the  winding  space  factor  (P*) 
through  improved  insulations,  and  winding  techniques  (such  at 
foil  methods). 
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4.  Use  of  better  core  materials  (higher  flux  densltj  B)  Is  necessary. 

5*  Current  densities  (  X  }  shov.ld  be  the  highest  possible  until  loss, 
regulation,  and  heating  become  ll^aitlng  factors. 

Beduelng  the  sr^ze  of  transformers  complicates  the  problem  of  cooling 
because  of  increased  losses  and  the  fact  that  the  increased  heating  is  dis¬ 
sipated  from  a  smaller  yolume.  Figures  30A  and  ^OB  shov  hcv  the  loss  and 
heat  density  are  affected  as  size  is  reduced  by  Increasing  Yarlous  paz«- 
meters  found  in  the  ^lenominator  of  the  transformer  volume  equation.  Ihese 
curves  give  the  ratio  of  loss  and  heat  density  in  the  transformer  of  reduced 
size  to  the  loss  or  heat  density  of  a  standard  design  of  the  same  configura¬ 
tion.  It  is  assumed  that  the  loss  in  the  coll  is  equal  to  the  loss  la  the 
core. 


The  vatts  per  cubic  inch  dissipated  as  heat  is  designated  as  heat 
density.  The  temperature  rise  for  any  configuration  will  Increase  as  thr 
heat  density  increases,  but  it  will  not  be  directly  proportional  to  the 
heat  density.  The  heat  distribution  between  core  and  coil  will  ustially 
change  as  various  parameters  are  changed.  If  the  heat  distribution  remains 
the  same  within  the  transformer,  then  the  tenqperatur^  rise  for  a  given  heat 
density  will  be  less  with  a  small  transformer  than  wi\;b  a  large  one. 

Figure  20C  shows  how  temperatvire  rise  Increases  the  transformer  size  is 
reduced.  Experience  has  shown  that  transformer  s;>;',es  ran  be  reduced  to 
less  than  one-half  the  size  of  conventional  unltr  if  '-ne  higher  heat 
density  can  be  allowed  in  the  smaller  transformer. 

Ihis  rise  in  ten5)erature  can  be  handled  by  t.'‘o  techniques.  One  method 
is  to  use  hl^  tejnperature  insulation  and  let  the  transformer  operate  hot. 
Channels  for  heat  flow  to  the  common  heat  sink  of  the  unit  must  be  provided 
to  limit  the  ultimate  operating  temperatures  of  the  transformer.  The  other 
method  for  eliminating  heat  losses  is  by  acceleration  of  heat  flow  by  use  of 
thermal  conductors.  These  thermal  conductors  may  be  metallic  or  a  clrcul/it- 
ing  type  of  fluid  system  considered  in  this  cozxverter  study  and  distnissed 
in  more  detail  in  a  later  section. 

Design  of  eeich  of  the  transformers  for  this  study  has  been  based  on 
providing  minimum  system  weight.  Cooling  requirements  have  been  considered 
as  part  of  the  total  converter  system  weight  in  each  Ixistance.  Cooling 
system  studies  have  been  performed  and  a  cooling  system  weight  penalty  per 
kilowatt  of  loss  has  been  establli^hed.  This  penalty  is  discussed  and  a 
curve  shown  in  the  section  on  Cooling. 

Design  techniques  for  each  power  transformer  include: 

1.  Ducting  of  coolant  fluid  over  the  core  and  through  the  coils 
to  reduce  the  temperature  drop. 

2.  Use  of  tape-woxmd  cores  with  an  inorganic  binder  because  of 
cooling  efficiency. 

3.  Use  of  advanced  type  of  core  materials. 
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B  -  HRAT-DENSmr  RATIO  AS  FREQUENCY 
IS  INCREASED 


C  -  LOSS  RATIO  AS  CURRENT  DENSITY  IB 
INCREASED 

D  -  HEAT -DENSITY  RATIO  AS  CURRENT 
DENSnT  IS  INCREASED 


A  -  LOSS  RATIO  AS  COIL  SPACE  FACTOR 
IS  INCREASED 


B  -  HEAT  DENSTTY  AS  COIL  SPACE  FACTOR 
IS  INCREASED 

C  -  LOSS  RATIO  AS  CURRENT  DENSITY  AND 
FLUX  DENSITY  ARE  INCREASED 

D  -  HEAT -DENSITY  RATIO  AS  CURRENT  DENSITY 
AND  FLUX  DENSITY  ARE  INCREASED 


A  -  TEMPERATURE  RISE  WHEN  TOTAL  HEAT 

FLOW  IS  CONSTANT  A  -  TRANSFORMER  WEIGHT  CHANGE 

AS  FREQUENCY  IS  INCREASED 

B  -  TEMPERATURE  RISE  WHEN  TRANSFORMER 

IS  REDUCED  BY  INCREASING  CURRENT  DENSITY 
AND  FLUX  DENSITY  AT  THE  SAME  RATE 


Figure  30.  Transformer  Parameter  Analysie 
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U.  All  ducts  and  cooling  plates  are  electrically  insulated  froca  the 
windings. 

5.  Assumed  lOOjt  conductivity  for  copper  at  the  temperattu:^  at  which 
losses  are  calculated. 

Air  core  transformers  eliminate  the  core  loss  problems  of  metallic 
core  transformers,  but  coefficients  of  coupling  for  air  core  units  ore  much 
less  than  Iron  core  units.  In  a  converter  pj^stem  where  heat  efficiencies 
are  stressed^ the  low  coupling  of  air  core  transformer  (0.5  to  0.75)  co¬ 
efficient  prevents  their  being  selected  for  use.  Coupling  coefficients  for 
transformers  using  cores  of  high  permeability  Iron  may  be  as  high  es  0.9®* 

Figure  3OD  Indicates  transformer  weight  changes  as  a  function  of 
frequency. 
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SECTION  n 


CONCEPTOAL  CONVERTER  DESIGNS 


OBJECTIVE  AKD  APPROACH 

The  objective  of  this  part  of  the  study  program  was  to  investigate 
approaches  and  establish  conceptual  conponent  desi^  for  the  conversion 
of  slnosoidal  electrical  power  under  the  conditi<ms  stipulated  below: 

1*  Ccarrersion  of  60  XW  of  electrical  energy  from  1000  pps,  3^, 

h3t6/7$»S  volts  to: 

a.  50  KC,  30s  5810A0,100  volts 
50  KC,  10,  10,100  volts 

b.  200  KC,  30,  5810A0,100  volts 
200  KC,  10,  10,100  volts 

0.  800  KC,  30,  5810A0,100  volta 
Boo  KC,  X0,  10,100  volts 

Design  objectives  included  conversion  efficiency  of  not  less  than  900 
and  over-all  conqponent  wei^t  of  less  than  300  pounds*  Electrical  power  con» 
forms  basically  to  energy  available  from  a  SNAP  8  power  supply* 

2*  Conversion  of  300  KW  electrical  energy  from  3800  ops,  30> 

120/208  volts  to: 

a*  50  KC,  30,  5810A0,100  volts 
50  KC,  10,  10,100  volts 

b*  200  KC,  30,  5310/10,100  volts 
200  KC,  10,  10,100  volts 

c*  800  KC,  30,  5810A0,100  volts 
800  KC,  10,  10,100  volts 

Design  objectives  Included  efficiency  of  not  less  than  900  and  over-all 
component  weight  of  less  than  1000  pounds*  Electrical  power  conforms  basically 
to  energy  available  from  a  SPUR  type  electrical  generator. 

Based  on  the  preliminary  investigations  of  converter  techniques,  tlu’oo 
specific  converter  concepts  were  derived  which  follow  and  are  discussed  in 
this  section*  The  concepts  are: 


1*  Static  transistor  converter 
2*  Static  tube  converter 
3*  Motor-generator  converter 
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STAnC  •nt&NSISTC®  CmEHTER  DESIGNS 


A  60  Ktf  tmiT 

The  most  promising  of  the  three  converter  types  for  meeting  the  veig^t 
and  efficiency  objectives  of  this  study  is  a  static  transistor  type  of  unit* 

A  transistorized  60  KW  10  power  converter  is  illustrated  in  Figure  31  and 
shown  schematically  in  Figure  32*  Parametric  data  is  sumarizcd  in  Table  I 
which  follows* 

As  can  be  seen  from  Figure  31>  the  packaging  concept  is  compact  and  the 
volume  is  slightly  over  two  cubic  feet*  The  static  transistor  converter  con¬ 
cept  iis  detailed  in  this  section  will  fulfill  the  ^0  KC,  200  KC,  and  800  KC 
output  frequency  requirements  and  approaches  the  90  per  cent  efHciency 
objective*  The  weight  and  volumes  are  fairly  constant  throu^out  the  fre¬ 
quency  range*  Specific  values  are  noted  on  Table  1* 

Table  I  also  sursnarizes  parametric  data  for  a  30>  60  KV  converter  unit 
shown  s'^hematlcally  in  Figure  33*  Ibe  three-phase  unit  is  heavier  than  the 
single  /oase  concept  and  is  less  efficient* 

Operation  of  the  single  phase  converter  is  based  on  a  power  chopper 
technique  and  is  explained  in  the  section  which  follows.  The  h3,6/7$*B  volt, 

30,  1,000  cycle  power  is  applied  at  the  input  terminals  (Figure  32),  and  is 
converted  to  a  pulsating  DC  voltage  by  diodes  CPI  -  CR6*  Filter  choke  11 
and  filter  capacitors  C3  and  C6  smooth  the  rectified  DC  voltage.  This  filtered 
DC  is  then  applied  through  output  transformer  T2  to  the  collectors  of  the 
power  switching  transistors  03  ,  05,  07,  09,  QIC,  and  Oil.  The  switching  rate 
of  the  power  transistors  is  determined  by  the  precision  sq^aare  wave  oscillator 
01  and  02*  The  output  from  the  square  wave  oscillator  Is  applied  to  the 
impedance  matching  transistor  Qh.  The  output  from  Qh  is  amplified  by  the 
driver  transistors  06  and  Q8  and  is  applied  to  the  power  svdtching  transistors* 
Transformer  H,  filter  choke  L2  and  filter  capacitors  C7  and  C8  form  the  low- 
voltage  power  supply  whl3h  furnishes  the  power  for  the  square-wave  oscillator 
and  the  driver  transistors*  Reference  diode  CR13  provides  a  regulated  voltage 
for  the  oscillator* 

The  selection  of  transistors  for  the  power  switching  section  will  depend 
on  future  current  capabilities  of  power  transistors.  Serious  limitation  of 
present  day  semiconductor  devices  is  in  operating  temperature  (1CX)®C),  However, 
new  materials,  including  gallium  arsenide,  are  being  developed  >diigh  should 
raise  their  operating  terperature  capability  in  the  future  to  li00°C, 

If  the  power  switching  circuit  was  designed  using  state-of-the-art  tran¬ 
sistors,  it  would  consist  of  100  transistors*  In  order  to  compensate  for  the 
voltage  limit  of  most  pevrer  devices,  two  transistors  would  have  to  be  used  in 
series.  Since  nest  devices  aru  presently  limited  to  20  amperes  of  current, 
this  would  require  ?0  pairs  cf  transistors  In  parallel  for  the  60  KW  unit. 

A  three-phase  converter  is  shown  schematically  in  Figure  33  with  para¬ 
metric  data  included  in  Table  I,  [i3.6/7').8  volt,  30,  1,000  cps  power  is  applied 
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figure  31«  ^  KW  Stetic  Translator  Converter  (Perspective) 


TABLE  1 


SUJ-S-IARY  OF  60  KW  STATIC  TRAIISISTCH  COLTEHTES  DATA 


V/iLUES  DO  i;OT  INCLUDE  COOLHiC  CYCTL'-I  ’./EIGLTS. 


6^ 


NO'iS : 


REFERENCE  OSCILLATOR 


Figure  32.  Frelindnary  Schematic  of 
60  KW  Static  Transistor 
1  Converter 


6 


OUTPUT 

»,100V 

SQ^SOOKC 


90 


Pirolirainary  Schematl 
60  KW  Static  Transisi 
y  ^  Converter 


Liainaiy  Schematic  of 
f  Static  Transistor 
onverter 
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OUTPUT 
10,100  V 
50>800KC 

90 


Figure  33,’  Preliminary  Schematic  of 
60  KW  Static  Transistor 
3  0  Converter 


at  the  input  terrdnal  and  la  comrerted  to  a  pulsating  DC  roltage  the 
power  diodes  CRl  -  CR6«  This  DC  ▼oltage  is  then  filtered  hgr  filter  choice 
U  and  filter  capacitors  Cj^  and  C2*  This  filtered  DC  is  now  applied 
directly  to  power  transistors  Q19  throng  Q60. 

The  switching  rate  of  the  power  transistors  in  this  concept  is  deter¬ 
mined  by  three-phase  sine  wave  oscillator.  The  0k  output  frcms  the  oscillator 
is  applied  to  the  iiqsedance  matching  transistor  Q7.  The  output  from  07  is 
applied  to  a  Schmitt  trigger  (square  wave  forming  circuit)  ^  and  Q9*  The 
output  from  Q9  is  then  applied  to  the  emitter  follower  061  which  feeds  trans¬ 
former  T2  ami  powers  the  push-pull  driver  Q13  and  QlU* 

The  output  from  the  push-pull  driver  is  then  applied  throu^  transformer 
T5  to  drive  the  power  transistors.  The  same  pattern  is  followed  with  0B  and 
0C.  The  final  output  is  taken  from  three-phase  output  transformer 

Output  Power  Characteristics 

Althou^  the  basic  switching  mode  of  the  transistor  power  chopper  gives 
a  square  wave  output  and  this  is  the  input  to  the  primary  of  the  step-up 
transformer,  the  output  on  the  load  side  of  the  transformer  is  essentially 
a  sine  wave.  This  results  from  the  action  of  a  transformer  on  the  incoming 
wave  shape. 


A  300  KW  UNIT 

A  transistorized  power  converter  for  delivering  300  KW  of  single-phase 
high  frequency  power  is  shown  schematically  in  Figure  3h.  Data  for  this 
concept  is  summarized  in  Table  2.  The  operation  of  the  circuit  is  identical 
to  that  of  the  60  KW  unit  and  it  differs  from  the  60  KW  unit  only  in  the 
number  of  transistors  in  the  chopper  circuit.  The  300  KW  input  is  120/208 
volts,  30,  3,200  cps  power,  rather  than  the  U3*6/7$,8  volt,  1,000  cps  power 
for  the  60  KW  unit.  The  filtered  DC  from  the  rectifier  section  is  applied 
to  one  side  of  the  output  transfonner  T2,  The  other  side  of  the  output 
transformer  is  connnected  in  series  with  this  parallel  group  of  power  tran¬ 
sistors  which  switch  the  DC  voltage  at  a  $0  to  800  kilocycle  rate  through 
the  primary  winding  of  T2.  The  output  from  the  secondary  winding  of  T2  is 
then  stepped  up  to  a  value  of  10,100  volts  AC  for  the  load. 

The  s^riLtching  rate  of  the  power  transistors  is  determined  ly  the  pre¬ 
cision  square-wave  oscillator The  output  from  the  oscillator  is  fed  to 
the  driver  transistors  Q8  and  QIO  tha  mgh  the  irpedance  matching  emitter- 
follower  transistor  Oh.  The  driver  transistors  and  oscillator  are  powered 
by  the  low  voltage  power  supply. 

A  three-phase  design  for  the  300  KW  (input)  unit  is  shown  in  Figure 
35  and  is  almost  identical  to  the  30,  60  KW  unit.  Major  difference  is  in 
the  number  of  power  transistors  in  the  power  switch  section. 
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Output  Power  ChanctTgiio* 

At  in  th«  tin^u-pbasu  ocnrartar  oonoapt,  tha  pGwer  chopper  section  of 
the  three»phsee  comrerter  glTSS  s  square  ware  output.  Ihe  wareahape  that 
»pp9tm  aorosa  the  output  ^  the  transf  onasr  and  available  to  the  load 
davioa  is  aasantlaUy  a  sine  vara* 


COMPCNERT  CBJJUCmasnCS 


Tablas  3*6  uhich  follow  list  the  coi^nenta  of  60  and  300  SW  ccmrartar 
designs  fw  both  single-phase  and  titiree-pbase  configurations.  Thej  are 
arranged  in  ccnrerter  subsection  headings  and  are  idmitlfied  on  each  of  the 
schematic  drawings.  Weight ,  size  and  internal  loss  data  have  been  listed 
and  summarized  as  part  of  the  stu^f  effort. 

These  static  transistor  converter  concepts  can  be  packaged  within  an 
aluminum  structure  for  protection  against  radiation  and  space  erosion.  This 
structure  will  provide  ndniimm  weight  to  maxiiiium  strength  plus  good  themA 
oondnotanee  oharacteristios.  A  preliminary  ckage  design  for  a  60  KH,  J$f 
200  KC  concept  is  typieal  of  the  other  designs  and  is  shown  in  Figure  36. 

Figure  37  shows  a  60  KW,  3^  converter  design  for  a  200  KC  output.  This 
concept  is  typical  of  a  unit  for  $0  KC  and  600  KC  output.  The  300  KW  concepts 
are  detailed  in  Figures  36  end  39. 

The  internal  portion  nay  ba  considered  to  be  in  a  trsy  configuration^  in 
which  each  tray  holds  a  portion  of  the  circuit.  The  trays  are  formed  froai 
aluminum  sheets  so  that  coolant  tubes  may  be  imbedded  in  then  to  form  a 
cold-plate  structure. 

In  order  to  isolate  the  transistors  and  diodes  from  the  high  power  com¬ 
ponents,  such  as  resistors  and  transformers,  thin  insulation  barriers  nqy 
be  set  up  around  the  transistors.  These  barriers  will  consist  of  thin 
aluminum  foil  against  thin  glass  or  asbestos  cloth.  This  will  provide  a 
means  of  controlling  the  temperature  of  the  transistors  and  diodes  which  are 
the  moat  heat  sensitive  of  the  electrical  components.  Since  the  parts  ara» 
in  general,  rather  small  in  a  transistor  type  of  unit,  there  is  greater 
flexibility  In  package  design,  and  this  concept  can  be  packaged  to  match  the 
generator  configuration  and  the  electric  propulsion  engine  configuration. 
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TABLE  2 


SUMMARY  0?  3C0  O  STATIC  TrL  J.’SISTOR  CONVERTER  PARAMETRIC  EATA 


/.mut.j  do  i;ot  r;.:LUDE  cooling  SYsrj-M  '.■tEiGHTS. 
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REFERENCE  OSCILLATOR 


! 

1 


’  ■  t 


T8 


Figure  3^^  Prelireinary  Scberoatic  of 
300  KW  Static  Trauisiator 
Comrerter  {3  0j 


POWER  SUPPUf  (LOW  VOLPAGE 


Rectifier,  eeoicondactor 
Trazisformer,  lov  voltage  (Tl) 
Capacitor,  filter 
Jllter  Choke  L-S, 

Diode,  zener  reference  (CRI3) 
Resistor 

POWEK  SUPPLf  (HICa  VOLtCAGE 


Rectifier,  semiconductor 
(^acitor,  filter 
Filter  Chc^e  (U.) 

OSCILLATOR  SECTI 


Transistor,  lov  power  (q?,()2) 

Resistor 

Capacitor 

WAVE  SHAFER  AND  DRIVER 

Transisor,  power  ((J0) 
Transistor,  med  power  (q6) 
Transistor,  low  power  (^) 
Resistor  (low) 

Iteslstor,  power 

OUTPOT  SECnOH 

Transistor,  power 
Resistor,  power  (200W) 
Resistor,  base  drtve 
Transformer,  output  (a 2) 

MI5CELLANE008 

Mounting  plate  and  Enclosure 

Ctoollng  ducts 

Controls 

Wire  and  Hardware 


T0TAI5 


LOSSES 

(LBS) 

(watts r 

3*0 

144 

2.4 

207 

1.2 

1 

15.8 

34 

0.1 

2 

0.2 

5 

5.0 

1,440 

3.5 

1 

22.0 

25a 

.1 

1 

.1 

2 

.1 

.5 

60 

.3 

5 

.3 

1 

.4 

10 

2.7 

175 

3.0 

360 

8.4 

600 

5.4 

300 

18,0 

680 

43.1 

2.8 

20.5 

168.9 

^,336 

3 

5T  F(8i  A  60  lOr  SXAnC  .TRAlBISTGar  COifVEKIBB  (l^) 


161.5 


5,056 


15^^.! 


6,331 


C0^5P0BE^^^  UCT  FOR  A 


1  ■■■■■■■■■gXiSHl 

no. 

1  COJIPOIJEI.’TS 

WT 

LOSSIS 

t— 

Kf.nUR  SUPPLY  VOiiCAGS) 

(LBSr~ 

(waits) 

6 

Rectifier,  ccmlcondjictor 

3.0 

144 

li  X 

2 

Capacitor,  filter 

1.2 

1 

2-1/i 

1 

Filter  Choke  (l-2) 

15.8 

84 

H  X 

1 

Diode,  zener  reference 

.1 

2 

3/8  1 

1 

Resistor 

.2 

5 

1/2  I 

1 

Transfomcr  (n) 

2.4 

207 

2  X  i 

vcmf-h  supply  (high  vodpagb)  .  ' 

6 

Rectifier,  semiconductor 

5.0 

1,440 

1  -7/8 

2 

Capacitor,  filter 

3.5 

1 

4X5 

1 

Filter  Choke  (tl) 

22.0 

258 

4 j  X 

CSCILMTOR  SSCnOH 

j 

i 

3 

Transistor 

.2 

2 

T05 

3 

Capacitor 

.1 

MIL-C 

3 

6 

Resistor,  hase  drive) 

Resistor  ) 

.2 

3 

IW  HL 

V/AVE  SE^R  AIID  DRIVER 

1 

9 

Transistor,  low  power 

9 

T03 

12 

Capacitor 

1 

3 

Resistor  (iw) 

.6 

15 

5/16  1 

3 

Transistor,  med  power 

.9 

15 

T03 

6 

Transistor,  hlch  ijover 

3.0 

360 

li  X  ^ 

24 

Resistor  (IW) 

.5 

12 

IW  MD 

CI^FUT  GECnOH 

24 

Transistor,  power 

12.0 

2,000 

ij  X  1 

24 

Resistor,  emitter 

34.0 

2,400 

2}  X  3 

1 

Tr^unsfoiuer,  output 

18.0 

1,020 

3-3/4 

3 

Transformer,  driver 

7.5 

90 

2  X  2^ 

24 

Resistor,  base  drive 

21.5 

1,200 

l4  X  2 

3 

Ti’ans  former  -  push-pull 

6.0 

615 

4x3 

MISCELLANEOUS 

1 

i 

Mounting  plate  and  Enclosvure 

76.9 

Cooling  Ducts 

5.6 

1 

Controls 

Eire  a»id  Hardware 

22.5 

TOTALS 


275.8 


9,884 


TABUS  It 

OR  A  60  KSf  STATIC  TRAJiSISTOR :  COHVBREER  (3/J) 


DC 

1  200  KC  ' 

800  KC  1 

SIZE 

WT 

LOSSES 

SIZE 

wT 

LOSSES 

DIZE 

(IHCHES) 

(LBS) 

(watts) 

(ilOES) 

(lB3)“ 

^WATTS) 

(IHCHES) 

li  X  li  X  3 

3-0 

144 

li  X  1^  X  3 

3.0 

144 

1^  X  It  X  3 

^-1/8  Dla.  X  6 

1.2 

1 

2-1/8  Dla.  X  6 

1.2 

1 

2-1/8  Dla.  X  6 

4  X  3-3/^X5-1/8 

15.8 

84 

4i  X  3-3/4X5-1/8 

15.8 

84 

4i  X  3-3/4X5-1/8 

1/6  Dla.  X  1 

.1 

2 

3/8  Dla.  XI 

.1 

2 

3/4  Dla.  XI 

l/2  Wa.  X  2 

.2 

5 

1/2  Dla.  X  2 

.2 

5 

1/2  Dla.  X  2 

?  X  2  X  4 

2.4 

207 

2X2X4 

2.4 

207 

2X2X4 

-T/8x1-7/8x4-1/1( 

i  5.0 

1,440 

1-7/8x1-7/8x4-1/: 

6  5.0 

l.WfO 

1-7/8X1-7/8x4-1/16 

^  X  5  X  4 

3-5 

1 

4  X  5  X  6i 

3.5 

1 

4  X  5  X  ^ 

^  X  4  X  6-3/^ 

22.0 

258 

4^  X  4  X  6-3/4 

22.0 

258 

4|  X  H  X  6-3/4 

0. 

.2 

2 

T05 

.2 

2 

T05 

IL-C-5B 

.1 

MIL-C-5B 

.1 

MIL-C-5B 

tf  MIL>R-UC 

.2 

3 

|W  MIL-R-llC 

.2 

3 

MIL-R-llC 

03 

2.7 

9 

TO3 

2.7 

9 

TO3 

rL-C-25 

.4 

1 

MIL-C-25 

1 

HIL-C-25 

/16  Dla.  X  1-3/^ 

.6 

15 

5/16  Dla.  X  1-3/J 

.6 

15 

5/16  Dla.  X  1-3/4 

33 

.9 

15 

TO3 

.9 

15 

TO3 

t  X  li  X  2 

3.0 

360 

l4  X  1^  X  2 

3.0 

360 

1^  X  li  X  2 

i  MIL-R-UC 

.5 

12 

IW  MIL-R-llC 

.5 

12 

IW  MIL-R-llC 

X  X  2 

12.0 

2,000 

U  X  1^  X  2 

12.0 

2,000 

X  1^  X  2 

f  X  3  X  7 

34.0 

2,400 

23-  X  3  X  7 

34.0 

2,400 

2J  X  3  X  7 

■3/^  X  5  X  6 

13.2 

1,700 

3x5x6 

7.8 

2,920 

3  X  3i  X  4J 

X  2^  X  ^ 

5-5 

152 

2x2x3 

3.3 

262 

li  X  a  X  3  , 

t  X  2-1/8  X  5^ 

21.5 

1,200 

l4  X  2-1/8  X  5| 

21.5 

1,200 

ij  X  2-1/8  X  5i 

r  X  X  4-5/8 

4.0 

1,050 

2i  X  3  X  3| 

2.4 

1,800 

2  X  2i  X  3 

68.1 

62.0 

6.1 

7.5 

10.0 

10.0 

22.0 

21.7 

258.2 

11,061 

2424.0 

13,1^1 
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C0!?0!.^-.T  MS 


- 

no. 

CO.'!?OIEiiTS 

bT 

LOSSES 

POV.’ER  SUPPLY  (LCr./  VOLT^  J 

(LBSj 

(WATTS 

6 

Rectifier,  semiconductor 

3.0 

344 

1 

Transformer,  low  voltage  (Tl) 

3.4 

430 

2 

Capacitor,  filter 

1.2 

1 

1 

Filter  Choke  (L>2) 

19.0 

200 

1 

Diode,  zener  reference  (CRI3) 

.1 

2 

1 

Resistor  (R9} 

.3 

6 

P0’..’I^R  SUPPLf  (HIGH  VOITAGE) 

6 

Rectifier,  semiconductor 

5.0 

2,004 

2 

Capacitor,  filter 

3.5 

1 

1 

Filter  Choke  (Ll) 

25.0 

650 

OSCILIATOR  SECnCdf 

2 

Transistor,  low  power  (Q1,Q2) 

.1 

1 

7 

Resistor 

.1 

2 

5 

Capacitor 

.1 

V/AVS  SHAPER  AND  DRIVER 

2 

Transistor,  power  (q8)  (QIO) 

1.0 

120 

1 

Transistor,  msd  power  Cq6) 

.3 

5 

1 

Transistor,  low  power  (q4) 

.3 

1 

2 

Resistor  (lOW) 

.4 

10 

5 

Resistor,  power 

5.0 

325 

OUTPUT  GBCnOH 

10 

Transistor,  power 

5.0 

600 

10 

Resistor,  power  (200W) 

14.0 

1,000 

10 

Resistor,  base  drive  (lOOW) 

9.0 

500 

1 

Traiisforuer,  output  (T2) 

90.0 

4,i^72 

mSCELLAKKOUS 

Mounting  plate  and  Enclosure 

51.4 

Cooling  ducts 

4.7 

Controls 

12.0 

Uire  a2;d  Hardware 

25.0 

TOTALS 


278.9 


10,674 


r  IJST  IX)B  A  300  KW  STATIC  rHAISISTOR;  COBVERTER  (l^) 


«>0  KC  _ 

200  KC  1 

-  .  8od  KC  ;  -  1 

3SS^ 

SIZE 

wmasam 

LOSSES 

SIZE 

WT 

IjOSSES 

1  SIZE  j 

MTTSr 

(DBS) 

(watts) 

(iHCHES) 

ikh 

X  X  3 

3.0 

544 

ij  X  ij  X  3 

3.0 

344 

ijtxiixy 

430 

2I  X  2I  X  4^ 

3.4 

430 

2i-X  2tX  4i 

3.4 

430 

2j  X  2i  X  44 

1 

2-1/8  Dia.  X  6 

1.2 

1 

2-3/8  Dia.  X  6 

1.2 

1 

2-1/8  Dla.  X  6 

200 

4X5X6 

ly.c 

200 

4X5X6 

19-0 

200 

4X5X6 

2 

3/8  Dla.  XI 

.1 

2 

3/8  Dia.  X  1 

.1 

2 

3/8  Dla.  X  1 

6 

1/2  Dla.  X  2 

.3 

6 

1/2  Dia.  X  2 

.3 

6 

1/2  Dia.  X  2 

,004 

1-7/8X1-7/8x4-1/1 

5  5*0 

2,004 

1-7/8x1-7/8x4-1/ 

.6  5-0 

2,004 

1-7/8X1-7/8x4-1/16 

1 

4  X  5  X  ^ 

3-5 

1 

4  X  5  X  64 

3.5 

1 

4  X  5  X  ^ 

650 

7  X  4  X  6| 

25.0 

650 

7  X  4  X  6j 

25.0 

650 

7  X  4  X  6i 

1 

T05 

.1 

1 

T05 

.1 

1 

T05 

2 

1/2W  MIL-R-llC 

.1 

2 

1/2W  MIL-R-llC 

.1 

2 

1/2W  MIL-R-llC 

MIL-C-5B 

.1 

MIL-C-5B 

.1 

MIL-C-5B 

120 

1^  X  X  2 

1.0 

120 

14  X  14  X  2 

1.0 

120 

14  X  14  X  2 

5 

TO3 

.3 

5 

TO3 

.3 

5 

TO3 

1 

TO3 

.3 

1 

TO3 

.3 

1 

TO3 

10 

5/16  Dla.  X  1-3/4 

.4 

10 

5/16  Dia.  X  1-3/ 

+  .4 

10 

5/3.6  Dia.  X  1-3/4 

325 

2i  X  3  X  7 

5.0 

325 

24  X  3  X  7 

5.0 

325 

2j  X  3  X  7 

600 

1^  X  1^  X  2 

5.0 

600 

l4  X  1^  X  2 

5.0 

6ro 

ij  X  li  X  2 

000 

2J  X  3  X  7 
ij  X  2-1/8  X  5i 

14.0 

1,000 

2^  X  3  X  7 

1-J  X  2-1/8  X  54 

14.0 

1,000 

2J  X  3  X  7 

500 

9.0 

500 

9.0 

500 

l|  X  2-1/8  X  54 

472 

6  X  8  X  14 

63.5 

5,710 

6  X  7  X  94 

42.0 

8,225 

5  X  6  X  84 

48.5 

46.0 

5.0 

6.0 

12.0 

12.0 

24.5 

24.0 

574 

249.3 

11,912 

225.8 

14,427 
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CK-JPOHETJT  LIST  FC 


^  50 

T  (Xfr^IErJTS 

\:t 

[lc^es 

(lisj 

Bl 

Bectifler,  semlconchictor 

3.0 

3M^ 

ll 

Capacitor,  filter 

1.2 

1 

2 

Filter  Choice  (L-2) 

19.0 

200 

k 

Diode,  zener  reference 

.1 

2 

3> 

Beslstor 

.3 

6 

1^ 

Transformer 

3.^ 

l^30 

2i 

PC'.ER  CiJI?r,Y  (HIGH  VOI/PAGS) 

Rectifier,  semiconductor 

5.0 

2,00l^ 

1- 

Capacitor,  filter 

3.5 

1 

k 

Filter  Choice  (Ll) 

25.0 

650 

7 

OSCILTATOR  SECTIOIf 

Transistor 

.2 

2 

TC 

Capacitor 

.1 

Ml 

Resistor,  base  drive  ) 

Resistor  ) 

1 

1 

3 

ly 

WAVE  SHAPER  AI®  DRIVER 

Transistor,  lov.  power 

2.7 

9 

Capacitor 

,h 

1 

Resistor  (lOW) 

.6 

15 

Ti-unsistor,  med  x>ower 

.9 

15 

Trr-'isistor,  hl£;h  power 

3.0 

360 

Resistor  (IW) 

.5 

12 

1 

CTTTRIT  SECTIOIf 

Tr;:nsistor,  power 

21.0 

4,000 

Resistor,  emitter 

59.0 

Trc-nsforcer,  output 

90.0 

Tra’is  former,  driver 

37.^ 

450 

Resistor,  base  drive 

37.8 

Transformer  -  puah-pull 

20.0 

1,165 

KISCELLAI1E0U3 

• 

Mounting  plate  and  FncXosiure 

13^.0 

Cooling  Ducta 

9.6 

Controls 

12.0 

Wire  and  Hardware 

29.0 

TC 

MI 

5/ 

TO 

IW 


2I 

6  : 

3i 

3 


TOTAIS 


518.9 


22,270 


TABUS  6 


T  FOR  A  300  KVT  STATIC  :TRAnSISTOF  '  COUVERTER  (3^) 


It  X  It  X  3 
2-1/8  Wa.  X  6 
4X5X6 
3/8  Dia.  X  1 
1/2  Dia.  X  2 
2t  X  2i  X 


1-7/8X1-7/8x4-1/1 
4  X  5  X  » 

7  X  4  X  ^ 


TO5 

1/2W  MH-R-llC 


Figure  36.  Preliminary  Mechanical  Design  of 
60  Kl^  1  200  KC  Static 

Transistor  Converter— Typical 

of  50  and  600  KC  Designs 
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A.A  SECT  B.B 

Figure  37.  Preliminary  "echanical  Design 
of  60  KW,  3  200  KC  Static 

Transistor  ,  Converter— Typical 
of  $0  and  800  KC  Designs 
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o  o  o  o  o  o 

CRT  CR8  CR9  CRIO  CRll  CR12 


Figvire  38,  Preliminaiy  Mechanical  Design  of 
300  KW  1  Static  Transistor) 
Converter 
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VIEW  F-F 


Figure  39,  Prelirdnary  ^Jechanical  Design 
of  300  KW,  30f  200  KG  Static 
Transistor  .  Converter 
Typical  of  $0  and  8OO  KC  Units 
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Figure  39,  Preliir.inary  Mechanical  Desigr 
->£  300  KW,  30,  200  KC  Static 
Transistor  .  Converter 
lypical  of  $0  and  8OO  KC  Unit 
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For  the  purposes  of  «  cooliiig  enalysis,  it  hes  been  assumed  that  all 
transistors  are  mounted  on  a  heat  sink  material  which  is  part  of  the  hmt 
exchanger  or  cold  plate*  In  the  thermal  anal/sis,  thermal  dr<^  through 
electrical  insulation,  allowable  junction  t«fi^ratures  of  the  transiatora 
and  internal  heat  flow  from  each  derice  to  tl^  heat  exchanger  were  con¬ 
sidered*  System  cooling  was  approached  btjr  treating  the  shelves  as  a  heat 
source*  Each  shelf  has  a  certain  number  of  ccm^table  heat  losses  by  whieh 
the  total  shelf  losses  were  derived*  The  60  KW,  10  transistor  c<xnrerter 
has  b^n  packaged  so  that  Uxe  magnetic  cor^nents  (transfomm*s  and  coils) 
are  in  one  area  of  the  package  and  the  ncainnagnetic  conqx>nents  (transistors, 
diodes,  capacitors,  and  resistors)  are  basically  together  in  the  remaining 
area  of  the  package* 

In  this  particular  converter  the  heat  losses  of  the  magnetic  and  tlM 
non-magnetic  cor^onents  were  approxlinately  equal*  Using  the  cold  plate 
cooling  technique,  three  cold  plates  were  set  up  in  parallel  to  cool  the* 
nonHoagnetic  cos^xjnents,  ax^  the  coolant  tubes  converge  to  a  common  tube 
and  then  flow  to  the  magnetic  components  for  further  heat  transfer*  This 
allows  a  greater  overall  coolant  ten^ratxxre  rise  (  A  T)* 

Flew  rate  is  determined  by  using  the  following  equation:  •  AV  a 

form  of  the  continuity  equation  where  A  is  the  conduit  area  in  square  fast 
and  ?  is  the  fluid  velocity  in  feet/second*  Knowing  the  flow  rate  required 
per  shelf,  the  different  area  requlx^ments  can  be  obtained,  giving  ns  a 
total  inlet  coolant  tube  area  requirement*  This  can  be  done  by  using  values 
of  A  and  7  whieh  will  insure  txu*bulent  flow*  Ey  keeping  the  overall  coolant 
tube  area  constant  we  can  assume  A  P  to  be  zeroi  the  only  overall  Ap  is  due 
to  friction  losses* 

Figure  IjO  shows  the  system  flow  schematics  for  the  single  phase,  200 
Kc,  60  units  and  Is  typical  of  the  50  and  800  KC  designs*  A  T  of 
approximately  21:  C  has  been  allowed  across  the  non-magnet ic  coii9}onent8  and 
approxinately  26^0  has  been  allowed  across  the  magnetic  coti^nents*  It  is 
now  clear  that  a  greater  overall  T  can  be  obtained  with  a  smaller  flow 
rate  which  is  dependent  upon  the  terperature  range  allowable,  primarily  by 
the  semiconductor  conponents.  Figure  ll  is  the  yX)  KW-  analy  Is* ;  ’  • 

In  the  single  phase  systems,  the  output  sections  consist  of  several 
transistors  in  parallel*  Since  all  the  collectors  are  attached  to  a  consaon 
lead,  these  transistors  can  be  mounted  directly  to  the  cold  plate  without 
ary  insulating  washers*  This  increases  the  thermal  conductance  aiw!  allows 
the  transistors  to  dissipate  more  heat* 

Knowing  the  heat  losses  present  per  shelf,  Figure  83  was  used  to 
determine  the  coolant  flow  rate  (W^)  required  for  each  heat  flow  (q)*  A 
coolant  temperature  rise  (  AT)  of  }*0°C  was  assumed  for  this  design  based 
on  the  probability  that  transistors  will  be  available  to  operate  at  a  hi^ 
enough  temperature  to  allow  such  a  range* 

Figure  12  shows  the  total  '.'ba/Y’^l  cut  for  both  single  and  three-phase 
converter  outputs  at  KC,  20C  KC  and  SOO  KC,  The  curves  show  the  trend 
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^  Wf9/Um  iwi|^  with  Slno«  prtamt  transistors  art  Tlirftsd 

is  Umiptrt^xan  to  about  this  is  tha  gemming  factor  is  dstandninc 

tha  i^vtas  (^aratisg  point*  P^ron  thaso  cunras,  tha  optinos  qparati&g  point 
trem  a  wdght  basis  is  hii^ar  than  tha  marlwan  transistor  opc^ting  tasiH 
aratora  (300^)*  lifhtar  vaight  aystans  ara  possible  only  as  transistor 
tanparatura  eapabilltias  ara  ineraasad* 


Wf  .  2S.8LB/illN 


COOLANT 

W  Tj 


Q  -  5100 
WATTS 

1  COLO  PLATE  NO.  1 

Wf  *  8.4 
US/UIN 

AT  X  40*C 

f 


Q  -  5833 
WATTS 

COLD  PLATE  NO.  2  | 

Wf  X  0.4 
LB/MIN 

AT  X  40*C 

T2  -  T1  »  40'C 


Q  -  9840 
WATTS 

1  COLD  PLATE  NO.  3  j 

Wf  -  6 
LB/MK 

AT  X  40*C 

T 


COOLANT 

OUT 


Wf  -  23.8  T2 


(A)  60KW,  30,  200KC  UNIT 


COOLANT 


F.”  =  13,3  LB/MIN 


Q  X  857 


Q  X  1190 

Q  X  3134 

WATTS 

WATTS 

COLD  PLATE  NO.  1 


COLD  PLATE  NO.  2 


COLD  PLATE  NO.  3 


Wf  =2.2 
LB/MIN 
4T  X  25 'C 


Wf  X  2.9 
LB/MIN  i 
aT  X  25''C| 


Wf  X  8.2  I 
LB/MIN  I 
4  T  X  25’c| 


Q  X  5]»8 
WATTS 


COOLANT 

Ll  AND  L2 

OUT 

r 

T1  AND  T2 

T3 

Wf  X  U.3 
LB/MO) 

iJT  -  2e*c 


T2 


14  T  «  (T2.T1)  ♦  (T3-T2)  «  50*C 
(B)  60  ICW,  18  .  200KC  UNIT 


liO,  n^ermal  Flow  Diacram  for  60  K/i  Static  Transistor 
Com'erter  Unit 


p 


p 


Wf  a 


COOLANT 

IN 


4T  »  T2  -  T1  *  40*C 

(A)  300KW,  30.  200KC  UNIT 


COOLANT 

OUT 


W(  «  19.7  UlVMIN 


Q  ■ 

1200  WATTS 


4048  WATTS! 


Q  « 

1130  WATTS 


Q  « 

6102  WATTS 


ICOLD  PLATE  NO.  l|  ICOLC  PLATE  NO.  21  ICOIJ)  PLATE  NO.  3 


Wf  . 

as  LB/MIN 
=  23-0 


Wf  - 

63.2  LB/MIN 
at  *  23 ‘C 


Wf  a 

3.2  LB/MIN 
at  -  23“C 


i  A  T  MT2  -  Tl)  ♦  (T3  -  T2)  «  50*C 
(B)  300  KW,  10,  200  KC  UNIT 


Tl  AND  T2 
LI  AND  L2 


T3 
COOLANT 
OUT 


Wf  =  19.7  LB/MIN 
AT  »  25 ’C 


Figiire  1,1,  Thermal  Flew  Diagraun  for  300  KW  Static  Transistor 
Converter  Unit 
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Figure  l2.  Analysis  of  Cysteri  .oi^ht  Vs,  >mp0ratupt 
i'cr  static  Transiator  Converters 
87 
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A  60  Kama 


One  deolga  eoccept  for  a  60  KV  (input)  hi£^-freq,ueru^  static  eon-^rtar 
unit  involves  use  of  a  vaeuiaa  tube  type  of  r-f  geaierator.  A  particular 
single-phase  concept  is  shown  in  Figure  43.  The  system  is  fairlj  sisq^ 
and  involves  use  of  a  cezaaic  type  power  oscillator  tiibe  operating  in  Class 
C  aode.  Bower  in  the  30  to  dOO  KC  frequ«:icy  range  is  generated  in  a 
resonant  tank  circuit.  Transfer  of  high-frequeiu:y,  bii^-voltage  power  to 
the  single-phase  load  can  be  accomplished  tbrou^  a  oatching  transfonBear. 
ffeights,  voltraes,  and  efficiencies  are  shown  in  Thble  7  lor  a  single-]^se 
concept.  Figure  44  shows  a  sch^aatic  of  this  concept. 

high-voltage  plate  power  for  the  oscillator  tube  is  furnished  bgr  a 
typical  series  three-phase  (quadrature  operatim)  power  supply  cooiposed  of 
a  high-voltage  plate  txansformer^  three  thyratrons  and  three  diodes.  The 
DC  output  from  the  power  supply  is  filtered  and  applied  to  the  oscillator 
tube  plate  through  two  r-f  Isolators.  Control  of  grid  circuit  of  the 
gas  thyratrons  (Tl,  T2,  ai^  T3}  is  provided  by  a  phase-shifter  techniqiw 
which  allows  adjusteaent  of  the  plate  voltage  and  current  to  the  oscillator. 
The  net  result  is  a  means  of  varying  the  power  output  to  the  load. 

A  three-phase  concept  is  shown  in  Figure  43.  As  can  be  seen  frco  the 
figure,  the  three-phase  ccncept  involves  a  ihase  shifting  of  the  output 
from  a  typical  single-phase  output  into  a  ccasposite  three-i^se  output. 

This  is  done  by  &  capacitive  and  resistive  network. 

Phase  A  of  the  output  waveform  is  derived  directly  from  Hus  inverted 
waveform  *  l60^  of  the  transformer  seccndary.  Riase  B  is  shifted  -60^ 
electrically,  and  Phase  C  is  shifted  t  60°  electrically.  The  three  outputs 
then  form  a  cooposlte  three-phase  voltage  for  use  in  the  load.  Power  con- 
suned  In  the  j^se-shlftlng  capacitors  and  resistances  is  fhirly  low  because 
of  the  low -current,  high-voltage  output  requirement. 

Weights,  voluses,  and  efficiencies  for  a  three-phase  converter  are 
suRmrised  in  Thble  7*  IN)  be  noted  is  the  feet  that  weights  and  volumes 
for  the  three-phaee  unit  are  not  much  greater  than  those  for  the  single- 
piuse  unit. 

A  300  tew  UNIT 


The  design  of  a  single-phase  ^  KW  (input)  static  tube  converter  unit 
is  t^sed  on  the  same  sohemtie  (Figure  44}  as  the  60  KW  unit  with  a  higher 
power  input  level  being  the  n^jor  differenco.  Power  input  to  this  oou- 
verter  unit  is  also  at  a  different  voltage  and  frequency  -  120/SC^  volts 
(3.S00  ops)  rather  than  the  43.6/73*^  volts  (1,000  ops)  of  the  60  KW  \uilt. 
•^el^hts,  vol\^s,  and  effioiencies  for  %  3^  KW  unit  are  sufmmrised  In 
Ttble  8. 

A  three-phase  concert  is  shown  In  Figure  This  concept  alto  involves 
use  of  the  single -phase  concept  with  the  addition  of  a  pimso -shifting  network 
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Figure  y*.  Preliminary  Schematic  of 
Static  Tube  1  ^  Coirrurter 
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Figure  li$*  Preliminary  Schematic  of 
Static  Tube  3  ^  Converter 
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of  xosiat^sani  «Qd  capacitors.  Shis  jiase-sbiftiag  notonn'k  appMXW 
for  t3»  300  Xtf  level  because  of  the  fact  poter  is  at  a 

hl|^«vo3.'^aL^;  IcwHSurrent  level  aad  losses  vill  not  be  too  griMit. 

Output  to  the  load  is  fro^  a  tfaree<-phase  transfeoTaer.  Cootml  of  tlM» 
c  ^put  paif«r  is  throned  the  irdividual  srid  circuits  of  each  cf  the 
th/ratx'CQs  of  the  power  supply  aection  vhere  volta£^  and  plate  curr^  to 
the  <»eillator  eim  be  raised  or  low«^.  Cooponents  of  a  300  Wi,  three- 
|haM  «gpet«a  plus  weights,  vdims,  and  efficiencies  are  stsamris^  la 
&ble  6  for  each  of  three  freq^ieDcies. 


Gisomiu:. 


C(»SZnBlAX2!0i» 


Input  characteristics  to  the  power  supply  part  of  this  cemverter  are 
not  too  critical  for  this  unit,  since  it  is  capable  of  handling  fairly 
large  trazjsients.  tfnbes  are  loost  reliable  when  filaaent  voltages  axe 
cemstant,  ao  it  is  important  that  fluctuations  in  filaoent  voltages  be 
held  to  low  level  in  order  to  achieve  long  tube  life.  Tiibe  mmifaeturers 
state  that  filament  voltages  should  be  within  om  per  cent  either  side  of 
the  nofsinal  value  for  mercury-vapor  rectifiers.  Voltage-regulated  trans¬ 
formers  of  the  self-eatnratlng  with  tuned  primary  windings  can  be 
usi^  when  needed  to  provide  the  emsteuit  filaaent  voltage  input.  Ihitlal 
oscillator  tube  filament  current  must  be  limited  to  a  maxlaum  value  of 
approximately  1.5  t^ees  rated  hot  value.  This  is  necessary  since  the  cold 
filament  resistance  is  usually  as  low  as  (xae-ten^  its  hot  value,  and  the 
surge  currents  at  switching  ccnlLd  damage  the  filament. 

fhe  generator  is  designed  with  an  Isolatlzig  magnetic  switch  to  isolate 
the  power  supply  from  the  power  source,  ihc  filament  transformers  must  be 
Isolated  frcmi  the  power  source  lay  a  separate  switch  in  order  that  filaments 
may  be  allowed  to  vara  up  before  plate  power  is  turned  on.  A  protective 
device  to  prevent  {date  power  turn  on  before  coolant  fluid  flow  has 
started  is  also  a  part  of  the  design. 

Several  methods  for  control  of  power  trem  an  r-f  generator  are  avail¬ 
able  such  as:  (l)  Vhriable-coupllng  r-f  output  transformer,  (2)  saturable- 
reactor  systoa  in  high  voltage  system,  (3)  saturable -reactor  t^stem  in 
supply  line,  and  (4)  thyratron  ccsitrol.  Variable  coupling  transformers 
arc  not  attractive  for  this  lightweight,  high  efficiency  converter  applica¬ 
tion,  and  the  saturable  reactor  techniques  are  much  too  heavy  to  be  c(xi- 
sidered.  A  thyratron  technique  has  been  used  in  this  system.  3he  main 
characteristic  of  the  thyratron  is  that  it  will  not  conduct  unless  the  grid 
voltage  is  at  scmie  vj^ue  less  negative  than  the  critical  grid  volta^.  Xf 
a  constant  DC  bias  is  applied  to  the  grid  and  an  AC  voltage  superimposed  on 
this,  the  thyratron  vill  ccwiduct  at  the  point  vhere  the  AC  voltage  exceeds 
the  critical  voltage.  Chice  the  tube  has  fired,  it  will  continue  to  con¬ 
duct  even  wh^n  the  AC  grid  voltage  falls  below  the  critical  voltage,  and 
will  stop  conducting  only  when  the  plate  voltage  is  less  than  the  cathode 
voltige.  If  this  AC  grid  voltage  is  mde  to  alter  its  phase  angle  with 
respect  to  the  plate  voltage  by  a  phasing  network,  the  firing  or  conduction 
angle  will  be  Increased.  This  results  in  retard!^  the  plate  current  and 


2k. 


— BWmg!Uff> 


voltage  ccmductlng  point,  as  shoim  In  Figure  ^A.  iSie  resulting  J3C  plate 
voltage  along  with  tl»  DC  plate  current  is  reduced  imd  'Uie  total  DC 
vtAt«^  to  the  oscjUUator  tube  plate  is  reduced.  SlMt  r-f  output  of  the 
g€Uierator  is  thereby  reduced,  'fhe  tliyratron  is  stable  and  does  not  drift 
with  tine,  but  -tiiese  tubes  are  sensitive  to  line  voltage  variations,  i^eh 
eheuige  the  critical  grid  voltage.  Figure  shous  a  typical  i>S^i^ 
circuit,  the  output  across  z  and  y  is  comeeted  aicross  ttm  grid  and 
cathode  yith  a  bias  voltage  in  series  with  the  thyratron. 

CoBiponent  Characteristics  -  Ihbles  9  .uQd  10  11  *'  Individual  eooipoaents  for 
^  ^  single-phase  and  three-phase  converters  aud  !lhbles  11  and  12  for  300 
slngle-phase  and  three-phase  converters.  Co(Bp<»ients  list^  are  also 
shoim  In  the  high  voltage  pover  supply,  oscillator  and  output  sections  of 
the  schemtic  diagrams  (Figure  44  and  45).  Weight,  volume,  and  loss  para¬ 
metric  data  is  lifted  for  c<»iparlson  with  other  converter  techniques. 

The  thyratron  and  diode  types  considered  tor  the  high  voltage. pover 
supply  seetlcm  are  based  cm  conventional  units  presently  available  tar 
pover  supply  use.  Operating  characteristics  are  typical  of  eonventlcnal 
units.  Only  the  volume  of  the  oscillator  tube  has  been  reduced  somevhat 
to  take  advanteige  of  expected  improvements  in  state  of  the  art  for  pover 
tubes.  IDie  other  tube  dimensions  used  for  packaging  are  realistic  state 
of  the  art.  The  oscillator  tube  characteristics  aure  similar  to  those  of 
the  RCA  5671  (9C22)  for  the  60  KW  unit  and  the  RCA  6949  for  the  3OO  KW 
unit.  As  discussed  in  the  section  on  Cooling,  use  of  a  coolant  other  than 
water  and  one  ccmipatible  with  liquid  cooled  tubes  has  been  a  basic  design 
assumption. 

Transformer  and  choke  wits  are  based  on  conventional  designs  using 
lov-loss  magnetic  cores  vlth  fluid  coolant  circulating  betveen  core  and 
winding  to  remove  excess  heat.  ]foat  loss  data  for  each  of  the  transformers 
is  based  on  loss  data  extrapolated  from  available  loss  curves  and  test  data 
derived  during  the  experimental  part  of  this  study  program. 

Resistor  and  capacitor  components  are  conventional  designs  with  lew- 
loss  characteristics.  Each  has  high  temperatvure  capabilities  and  is 
derated  to  achieve  long  life  expectancy.  Remaining  parts  of  the  unit 
include  mounting  stznicture,  wire  and  hardware,  and  cooling  ducts  and 
these  are  listed  so  that  a  total  weight  can  be  calculated. 

MECHANICAL  DESIGN 


The  static  tube  converter  unit  can  be  packaged  in  an  aluminum  con¬ 
tainer  for  partial  protection  from  a  radiation  environment,  for  mechanical 
support,  and  for  limited  protection  from  meteroid  damage..  The  ccaiteiner 
can  be  designed  to  serve  as  a  heat  sink.  Typical  structural  design  for  a 
60-  KW,  single-phase,  200  KC  unit  is  shown  in  Figure  4?,  and  is  based  esa 
maximum  system  reliability,  mlnimun  weight,  and  minlm’mi  volume.  Weight, 
dimensions  and  volume  data  is  shown  in  'Bibles  7  and  8, 

Each  tube  will  be  mounted  on  its  own  filament  transformer  for  com¬ 
pactness  and  to  nuke  use  of  the  tr  ansformer  as  a  partial  heat  sink.  Bibe 
cooling  will  be  by  integral  coolln.j  lucts  for  the  oscillators  and  coollwr 
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Figure  li6.  Thyratron  Control  Techniques 
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CSES 


Bl^  Voltage  Zraaafonaer  (X7) 
1  xc,  3^,  60  Ktf 
Migaetie  S«itdi 
ytl»Brgt  Tranafornera  (XL.  X2 
*X3) 

Fllaaeot  !Craiiaforaera  (Xi.  ^ 

&X6) 

^'lornttroas  (Tl,  S2,  ft  T3) 

l>iodea  (Tk,  T5  A  f6) 

oscuumn  sMmow 


Oacillator  7ttl>e  (T?) 
dOfi  KSi 

FilajBsnt  Tranaforaer  (X9) 

Phase  Shifter 
Filter  Choice  (U  ft  12) 

Filter  Capaeltor  (Cl) 

Coupling  Cap&cltora  (C2  ft  C3) 
Neutralizing  Capacitors  (Ck  ft  C5] 
Tank  Coil  Capacitor  (Ct) 
Resistors  (Rl,  R2,  R3,  Bk)  , 

Tenk  CoU 

OU5TUT  SECraOH 


^!atching  Transfon^r  (X8) 
MISCELLANSOUS 


1800 

378 


105 

100 

3200 


1030) 


iSadksD 


10x^x3 


Mounting  structure 
Cooling  ducts 
Controls 

Wire  ani  Bardvare 


TOTALS 


10 

358 

18,853 

amg  j*. "w- 


XR  A  6o  iai[,ssms  oofivi 


■AUUH 


i  yim  (1^ 


‘ 

200  KC 

1  600  KC  -  i 

WP 

LOSSES 

KT 

LOSSES 

[mtciBss) 

(mm) 

(MS) 

(mm) 

(ness) 

x6 

Ilk 

f4o 

18x14x6 

114 

640 

I8xl4a6 

10 

100 

5x33* 

10 

100 

53(33* 

33/16*3^16 

9 

6 

2  5/8x3  Vi6ic33A8 

9 

6 

2  ^x3l/l6^  yi6 

3/8 

8 

>12 

53c5x3  ^ 

8 

12 

53$x33^ 

yS  Dia 

3 

18C0 

10  17/^2x2  3/i  Dia 

3 

1800 

10  Xl/3S^  ySDUi 

6(X$  V8Bla 

3 

378 

14  *^163$  2/8  Dla 

3 

378 

14  7/36x5  V8Dla 

^  Ola 

k3 

11,200 

25x8  1/2  Dia 

45 

11,200 

25x8  1/2  Ola 

5 

105 

5 

105 

/!l6x4  lJ/16 

15 

100 

5x5  13/26x412/16 

15 

100 

5x5  13/16x4 1^16 

9 

3200 

9 

3200 

3 

mm 

6  2/2x5x4 

3 

mm 

6  1/23$3c4 

120 

6  2/2x5x4 

4 

120 

6  2/23$x4 

ix4 

1 

mm 

6  1/2  3(5x4 

1 

«»«• 

6  2^x53* 

self 

2 

6o 

6  3/2x5x4 

2 

60 

6  2/2x53* 

/16  Ola 

2 

2 

9/16x3/16  Dla 

2 

2 

9/16x3/16  Dla 

3 

lOO) 

3 

100) 

3 

-8x3x3 

Vm* 

-7^ 

6 

1650) 

4 

^?0) 

80 

80 

mm 

5 

5 

mm 

10 

mm 

10 

mm 

10 

mm 

10 

mm 

347 

• 

19,473 

i 

345 

19,953 
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HtmMXHABX  (xmmses  uss  mt  a  6o  i 


1R>. 

L  _ _ 

sm 

ggi 

(HOES) 

p  '■* ;  t  ^  ^  ^  u  rn:  jtc  ■ 

2 

¥<^tage  SnumfonDer  (Xf)  1  XC, 

WB 

6lkO 

Id  X  14  X  6 

30,  €omi 

1 

MaigDctle  £hrit^ 

10 

100 

5X3X4 

3 

Filament  Sransfozner  (XI^  X2  &  X3) 

9 

6 

2-5/8  X  3-1/16  X  3-3/1 

3 

flXanent  Q:«a8fonaer  25  2$) 

8 

12 

5  X  5  X  3-3/8 

3 

S^ratroos  (CL«  32  *i.T3) 

3 

1,800 

10-1/2  X  2-3/8  dla. 

3 

Dioaes  (34,  75  ft  36) 

3 

380 

14-7/16  X  5-1/8  dla. 

(^XUATOR  SECnOV 

a 

Oscillator  TUbe  (TT)  SCjt  X  56  KW 

45 

11,200 

25  X  8-1/2  dla. 

9 

Filaiaeiit  Ttaxisfomer  (X9) 

5 

100 

5X4X4 

9 

Biasa  Shifter 

15 

100 

5  X  5-13/16  X  4-3/8 

2 

Filter  Choke  (U  ft  12} 

9 

3,200 

5-1/2  X  5-1/2  X  4-1/2 

Filter  Capacitor  (d) 

3 

- 

6-1/2  X  5  X  4 

Colliding  dpoeitors  ((2  ft  C3) 

k 

120 

6-1/2  X  5  X  4 

Heutralizlng  Capacitors  (C4  ft  C5) 

- 

6-1/2  X  5  X  4 

3tok  Coil  Capacitor  (CT) 

■I 

6-1/2  X  5  X  4 

5 

Beslstors 

2 

- 

6-1/2  X  5  X  4 

1 

Tank  Coll 

3 

100 

10  X  7  X  3 

1 

OUTPUT  SBCTXGV 

a 

HstchiJig  Transfonaer 

17 

907 

10  X  7  X  3 

2 

Resistors 

1 

20 

2  X  1/2  dla. 

2 

Capacitors 

4 

25 

6-1/2  X  5  X  4 

KISCELLAREOUS 

• 

Mofuntlng  Structure 

60 

• 

«■ 

Cooling  Duets 

5 

- 

Controls 

10 

m 

Wire  and  Bardtfare 

10 

m 

TOTALS 

3f3 

18,770 
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mx  10 

60  Kja  simc  wax  (tosmsm  (3$) 


1 - - — 

1  -  ^ 

:  20C 

im   

_ _ Z _ _ J 

IstTI 

SIZE 

wt. 

imms) 

(LE6) 

(KAsns) 

(ZKBES) 

Ilk 

18  t  Ik  t  6 

U4 

6liO 

Id  X  14  z  6 

10 

100 

5  X  3  X  % 

10 

100 

5x3** 

1-3/16 

9 

6 

2-5/8  X  3-1/16  X  3-3/16 

9 

6 

2-5/8  X  3-1/16  X  3-3/16 

8 

12 

5  X  5  X  3-3/8 

8 

12 

5  X  5  X  3-3/8 

>• 

3 

1,800 

10-1/2  X  2-3/8  dia. 

3 

1,800 

10-1/2  X  2-3/8  dia. 

a. 

3 

360 

lif-7/l6  X  5-1/8 

3 

330 

14-7/16  X  5-1/8  dia. 

U,200 

25  X  8-1/2  dla. 

45 

11,200 

N 

25  X  8-1/2  dia. 

5 

100 

5  X  if  X  4 

5 

100 

5X4X4 

5 

15 

100 

5  X  5-13/16  X  4-3/8 

15 

100 

5  X  5-13/16  X  4-3/8 

L/2 

9 

3,200 

5-1/2  X  5-1/2  X  4-1/2 

9 

3,200 

5-1/2  X  5-1/2  X  4-1/2 

3 

> 

6-1/2  X  5  X  4 

3 

«» 

6-1/2  X  5  X  4 

4 

120 

6-1/2  X  5  X  4 

4 

120 

6-1/2  X  5  X  4 

1 

•  - 

6-1/2  X  5  X  4 

1 

•> 

6-1/2  X  5  X  4 

1 

m 

6-1/2  X  5  X  4 

1 

•• 

6-1/2  X  5  X  4 

2 

6-1/2  X  5  X  4 

1 

m 

6-1/2  X  5  X  4 

3 

100 

8X4X3 

3 

100 

7x3x3 

7 

2,180 

8X4X3 

3 

3,920 

7x3x3 

1 

5 

9/16  X  3/16  dia. 

1 

1.5 

3/8  X  5/38 

if 

25 

6-1/2  X  5  X  4 

4 

25 

6-1/2  X  5  X  4 

8o 

«■ 

80 

MB 

5 

MB 

5 

m 

10 

. 

10 

- 

10 

10 

m 

353 

19,968 

349 

21,767 
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ijllggl 

Mil 

i 

Plate  Sransfiacner  XJ  3«2  XC, 

99  1 

8350  I 

13x5x 

30,  30OK» 

Maeaetle  SWLtdi 
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6x53$ 
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15 

k8 

4z53i4 

FUsamt  Transfoxaer 

12 

18 

33d4adb^ 

‘  Tbyi'atitsui 

12 

14,000 
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lUoAee 

6 
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19x73 

osciLLAT(»  sBcsaxm 

OsciUatcr  Tixbe  SOJ^  x  29O  KW 
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58,000 

34x10 

Ftlaaezkt  Tmaafoirmr 

12 

240 

43$x4 

miase  Sahlftor 

15 
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5x5  Vfi 

Filter  Choke 

35 

7100 

•  4 

Filter  CSapacltcnr 

k 

mmm 

61/2x5 

Coi^>liQg  C(q;Meltor 

k 

600 

61/2x5 

Neittrallzixig  Capacitor 

2 

6  1/2^ 

Tank  Ccxll  Capacitor 

2 

300 

61/2x5 

Eeslators 

2 

2 

9/16x3 

Tank  Coil 

10 

250) 

) 

_ ^10x4: 

itetdilns  Tranaforoer  (Xd) 

36 

1377!"^ 

10,  300  m 

MISGSLIAKBOIIB 

ifountlng  Stroctnre 

90 

If 

Coolins  Ducts 

I  21 

f  f 

Controls 

(  10 

as  «a 

Wire  and  Hardware 

20 

mm 

TOTALS 
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r  FO?  A  300  KW  STATIC  WEB,  OOBVSHSa  (10) 


c 

1  -  ggoHa)  TT 

1  800KC  '  1 

1  WT 

1  LOSSES 

WT 
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(HCBES) 

gjgj 

(MS) 

(uAm) 

(nCEES) 

99 

8350 

135<5x11 

99 
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13x5xU 

e5x5 

30 

200 

63i5^ 

30 
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6x53$ 

15 

46 

h'jf.yk 

15 

48 

4x53d^ 

12 

18 

12 

Id 

3x4x4 

12 

14.000 

14x5  Bia 

12 

14,000 

14x5  Bia 

tsqf  Bia 

6 

495 

19x7  Bia 

6 

495 

19x7  Bia 

xlO  Dia 
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58,000 

34x10  Dia 

i4o 
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5x^ 

12 
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12 
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15 
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15 
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‘ 

35 

7100 

35 
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k 

«•«« 

6  1/2x5x4 
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•>— 
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i 
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6  V2x5x4 
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6  lA  3^3^ 

\j2x5xk 

2 

mm 

6  l/2x5xk 

2 

mm 
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2 
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2 
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2 

2 
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2 

2 
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10 
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10 
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LOiAxJ 

/ 

/•Mi 

. 10x4x3.5 

L 

8x4x3. 5 

14 
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8.6 

16381 

90 

90 

«««» 

• 

20 

«•«» 

20 
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10 

10 

mm 

20 

20 

mm 
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• 
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TABIE  15  . 


PRELIMrN/PY  COMPOMENT  LIST  FOR  A  300  KW  STATIC  .TUEB'  C0^ 


comp6nents 


NO. 


POWER  SUPPLY  (HIGH  VOLIAGE) 


Plate  Voltage  Traneforaer 
Magnetic  Sviteh 
Filament  Transformer 
Filament  Transformer 
Th/ratroas 
Diodes 

OSCILLATOR  SECTION 


Oeclllator  Tube 
Filament  Transformer 
Phase  Shifter 
Filter  Choke 
Filter  Capacitor 
Coupling  Capacitor 
Neutralizing  Capacitor 
Tank  Coll  Capacitor 
Resistors 
Tank  Coll 

OUTPUT  SECTION 


Matching  Transformer 

Resistors 

Capacitors 


MTSCEIIANEOUS 


^ 

ISSSES 


15c 


■5(351 


WD 


1^3 /■ 

99 

30 

15 

12 

12 

6 


(WATTS) 

8350 
200 
U8 
18 
[l1^,000 
k95 


:.BT7X 


wT 


TBciffisT 


^lSsT 

99 

30 

15 

12 

12 

6 


(watts) 

8350 

200 

48 

18 

|i4,ooo 
495 


L0S^.ES 


12x19x5 
6x5x5 
4x5x4 
4x3^ 
21x7  Dla. 
14x3  Dla. 


l4o 

>8,000 

12 

240 

15 

200 

70.5 

7,100 

4 

«ai* 

4 

600 

2 

mm 

2 

300 

2 

20 

10 

250 

36x10  Dla. 
4x5x4 


5  3Ax5x5 
4  3Ax5x57/8 
4x5x61  • 

4x5x^r 
4x5x6]  f 
4x5x6  ^ 

1^^  Dla. 
4x4x4 


140 

12 

15 

70.5 

4 

4 

2 

2 

2 

10 


58,000 

240 

200 

7,100 

«■  w 

6oo 

300 

20 

250 


45 

4 

4 


l46o 

240 

120 


4o 

2 

4 


I(24o 

60 

120 


Mounting  Structure 
Cooling  Duets 
Controls 

Wire  and  Hardvare 


TOTALS 


90 


21 

15 

20 


634.5 


91,781 


90 

21 

15 

20 


627.5 


9*^281 


100 


■•.'ENT  LIST  FOR  A  300  KW  STATIC  .TUBE'  CONVERTER  (3j^) 


VIEW  A-A  Figure  h7.  Preliminary  Mechanical  Design  of 

60  KW,  1  0,  200  KC  SUtic 
Tube  Coiiverter-«Typical  of 
50  ani  800  KC  Designe 


flolA  ^ibekefts  for  tlw  diodes  axid  tlj^ratrons.  C^iaura  cooliBg  for  e«Mb  of 
^PKQSftarnerw  vill  be  sained  "by  wmASn^.  U»n  back  to  l»ek  m  a  ecaira>a 
ecdjd  i^te  vLiM  eocdant  dnets  carrying  'obr<»]^  eacb  transfoaraer. 

Ihckagi-ng  for  this  coaoept  Is  not  too  flexible  localise  of  ^  tuibe 
rcSLommt  and  abapes.  Sbbe  outlines  used  in  design  I&^out  are  of  eoa- 
msKticsial  fsslts  and  are  expected  to  becceie  aoallesr  in  the  future  as 
advances  are  sade  in  the  state  of  art.  Ihilt  packaging  is  dep^ident  to  a 
great  d^piee  on  tlM  g^iemtor  ccsifiguratioa  and  also  the  load  configuraticn. 
Only  a  preliainary  ecxusept  can  be  considered  until  aore  inforiBation  is 
avfUXa^i^A  ^  tbese  parts  of  the  total  ^stem.  Components  in  a  tube  aystem 
are  not  ae  susceptible  to  radiation  damage  as  sasicondvctor  compments  and 
Shielding  ie  sot  too  aueh  of  a  problou 

Design  of  A  60  XSt,  three^'pihasef  200  KC  converter  is  shown  in  Figuri  kd, 
^)0  KW  converteis.both  single-^se  and  three-phase,  are  shewn  in  Figures 
^  and  50. 

fHEatm 


Most  triode  tubes  operating  in  Class  C  mode  are  up  to  80  per  cent  effi- 
eler\.  and  such  efficiency  is  asromed  In  this  converter  unit.  Ceramic-type 
tubes'  :^lth  exceptionally  low  driving  power  are  being  developed  and  some 
have  capabilit  ies  up  to  400^  maximum. 

Figiiro  51  shows  the  total  Ibs/lC^  out  for  both  single-phase  and  three- 
phase  converters  with  outputs  of  60  Kl/  axid  3OO  KV/  at  50  KC,  200  KC,  and 
dOO  KC  frequency  levels.  tThe  plotted  extrve  Indicates  the  system  weight 
inciurred  at  various  temperatiure  levels.  Since  the  tube  system  is  limited 
by  temperature,  the  system  operating  point,  as  far  as  system  weight  is 
concezned,  is  assumed  to  be  at  the  maximum  tube  operating  temperature 
(l»00®F). 

Design  of  the  cooling  sptem  considers  internal  cooling  ducts  for 
eacb  tube  (or  coolant  Jacket)  and  use  of  rugged  ceramic  tube  types.  Cold- 
plate  shelving  for  cooling  all  the  other  components  is  also  considered  In 
addltl(xi  to  Internal  cooling  ducts  for  each  of  the  transformers.  !Ibe 
possibility  of  using  a  liquid  bath  coolln^^  technique,  enclosing  all  the 
gas  tubes  and  maintaining  a  eexemon  operating  temperature  has  been  con¬ 
sidered,  but  has  been  rejected  in  favor  of  the  ducted  coolant  system. 

The  tube  cooling  system,  in  general,  must  consist  of  a  source  of 
coolant,  a  feed-pipe  system  which  carries  the  coolant  through  coolant 
pipes  to  the  outlets  of  the  oscillator  tube  and  a  radiator  for  heat  dis¬ 
sipation  to  space.  For  check-out  purposes,  a  provision  for  interlocking 
the  coolant  flow  through  each  of  the  cooled  elements  with  the  power  supply 
must  be  made.  When  the  plate  :  at  high  potential  above  ground,  the  feed¬ 
pipe  system  should  have  good  insulating  qualities  and  proper  design  to 
reduce  leakage  current  to  a  negligible  valvc.  The  coolant  system  analysis 
will  need  to  ccsislder  reaction  of  the  coolant  with  the  piping  system  in 
order  that  contamination  of  the  coolant  can  be  held  to  a  minimum.  Proper 
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Figure  Preliminary  Mechanical  Design 
of  60  KW,  3  0-  200  KC  Static 
Tube ,  Converter—rypical  of 
50  and  800  KC  Designs 


Figure  ||9,  Preliiuinary  ^chanicid  I^slgn  of 
300  KW,  1  200  KC  SUtic 

Tube  ,  Converter— Typical  of 
50  and  800  KC  Designs 
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VIEWA>A 

Figure  ^0.  ftreliminary  ^chanlcal  Design  of 
300  KW,  3  0,  200  KC  StaUc 
Tube  ,  Converter— Typical  of 
^0  and  800  KC  Desigae 
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Figure  51.  Analysis  of  System  Weight  vs.  Ten^jerature  for  Static  Tube 
Converter 
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fkiEffitioii  of  eooljuit  systes  is  ahsolotely  aeceaioxy  in  tbe  statio  tidMi 
eommrtmr  aiysteai.  Stie  beat  of  the  tube  filaaMmt  will  lead  to  tvSm  de* 
stmetioa  ia  a  abort  tlae  if  coolant  is  not  floving.  A  B^tbod  of  prenait- 
ing  tidMi  operation  until  coolant  flov  bas  started  mst  be  pto/ri^MU 

%«tea  coQliQg  for  the  tube  circuit  converters  eas  approacluid  bgr 
eoB^atiag  tim  iMat  iMses  per  coeqpOQent  on  eacb  stelf*  Ib  tbe  60  KH  con- 
vtnrters  tbe  beat  leases  were  concentrated  roughly  as  ^  per  cant  of  totad 
leases  in  tbe  oscillator  (S?)  snd  30  per  cent  are  distributed  in  three 
shelves.  See  figure  5S« 

Asstedag  a  coolant  tenperature  rise  (  Ht)  of  30^s  parallel  cooUng 
can  be  applied  to  tbe  sludves  as  one  tmit  and  the  oscillator  t»be  as 
another  uoit.  She  MciUator  tube  bas  a  eoOlant  Jacket  around  it  so  that 
bfNit  transfer  is  depeodent  upon  tbe  coolant  flov  mice  and  tbe  coolant 
teapemture  rlM  (hT)»  ^e  shelf  on  which  the  other  units  are  mounted 
can  be  cooled  by  cold»plate  t«:bal<ii»8  except  where  the  thymtrons  and 
diodes  are  g»3unted.  A  coolani:  Jacket  is  planned  for  both  the  thyratrons 
and  diodes  with  coolant  How  and  through  the  tube  bases.  Here  again 
parallel  cdbliiig  is  used,  t&e  coolant  flow  {\tf)  is  ecnitrolled  by  using  a 
fora  of  the  continuity  equation 

Vf  -  YA 

where  A  is  tbe  area  in  square  feet  and  7  is  tbe  velocity  in  feet/second. 
ytf  is  now  in  terns  of  cubic  feet  per  secend  and  can  be  converted  into 
veight/second.  By  inserting  values  for  the  coolant  flew  (VT^)  required, 
using  a  velocity  high  enough  to  insure  tturbulent  flow,  the  coolant  tube 
area  can  be  computed.  !Ihe  inlet  coolant  tube  area  is  then  determined  by 
finding  the  sun  of  the  individual  areas.  By  keeping  the  sum  of  the  areas 
constant,  ti  P  can  be  assumed  to  be  equal  to  zero.  Tbe  only  ^  P  encountered 
would  be  due  to  frlctlOT  losses. 

The  300  10/  coaverter  system  thermal  analysis  is  performed  in  the  same 
nmnner  except  that  the  oscillator  tube  losses  represent  over  60  per  cent 
of  the  total  losses.  A  coolant  flov  diagram  Is  shown  in  Figure  53* 
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Ihe  design  of  a  Dotor-generator  type  of  60  Ktf  e<mverter  Ms  be«a  Msed 
on: 

Ihput  -  60  1  KC,  ^3>6/75*3  volts,  three-jMse 

Output  -  10,100  volts,  50  to  200  KC,  10  and  30 

Figure  5^  Illustrates  a  particular  converter  concept  in  vbicli  a  solid- 
rotor  type  of  generator  is  used  to  generate  high-frequency  (50  KC  to  200  KC), 
hi^-voltage  power.  pSie  input  frequency  of  1  KC  for  the  60  K6f  converter 
reqnlresent  gives  an  operating  speed  of  30,000  rpo  f<»r  a  four-pole  mitor  to 
drive  the  generator.  Ibis  spe^  has  been  selected  for  the  design  speed* 

Baraisetric  data  cm  weight,  volujoe,  losses,  and.  efficiency  for  both  10 
and  30>  30  KW,  converter  designs  for  several  fiequencies  are  tabulated  in 
Table  13*  ihrametric  data  has  been  derived  on  single-phase  $0,  100,  and 
200  KC  designs,  and  on  a  50  KC  cud  200  KC  three-phase  design,  hue  to  the 
number  of  poles  required  in  6m  600  KC  generator  design,  the  motor-generator 
concept  has  not  be^  considered  for  the  800  KC  converter  requirement. 

Since  a  three-jMse  generator  requires  three  times  as  memy  stator  slots 
as  does  a  single -iMse  generator,  a  large  size  stator  is  required  for  the 
three-iMse  generator  in  order  to  accommodate  the  number  of  slots.  In  order 
>.o  limit  the  rotor  stress  to  the  design  vadue  of  60,000  psi,  it  is  necessetry 
to  construct  the  three-phase  generator  using  a  common  shaft  with  three  rotor 
sections  on  it.  Ibere  are  three  separate  stators  in  the  design,  and  the 
poles  of  the  rotor  sections  6ire  displaced  from  each  other  by  120  electrical 
degrees.  In  effect,  the  three-phase  output  is  achieved  by  instedllng  three 
single-phase  generators  Ih  a  common  freime  with  their  volteige  outputs  in 
parallel,  6md  their  phase  displacement  such  as  to  achieve  three -|base  power 
at  the  output  te.nainals. 

A  300  Ktf  UMIT 

Design  details  of  a  motor -generator  type  of  converter  unit  to  meet  tM 
300  IW  power  conversion  requirements  of  the  Work  Stateinent  are  similar  to 
those  of  the  60  KW  unit  as  shown  in  Figure  5^*  The  basic  difference  other 
than  power  hcuidllng  level  is  in  a  different  input  which  is  listed  as 
follows: 


Input  -  300  KW,  3,200  cps,  120/208  V,  30 
Output  -  50  to  200  KC,  10,100  V,  10  and  30 

As  in  the  case  of  the  60  K>f  design,  a  motor-generator  unit  was  not  considered 
for  the  800  KC  requiren«nt  because  of  the  extreme  number  of  poles  required 
for  such  a  imlt. 

The  motor  for  driving  each  of  the  generators  is  a  120  volt,  3,200  cps, 
three-phase  synchronous  solid-rotor  type,  turning  at  24,000  rpm.  Parametric 
data  for  a  300  KW  converter  (10  and  3P)  is  summarized  In  Th.ble  l4. 
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Plgurn  51*  Motor  Oonerator  Unit  (Ptraptctiw) 


m 


UVlm  13 

^amaarj  of  60  KV  Hotor-^Omirator  Ftmeirle  Data 


KW  OUT 


EFFICIENCY  (^) 


LENGTH  (Inches) 


DIAMETER  (inches) 


VOLUME  (cu.  ft.) 


LDS'IG/  RAD 


LBS/KW  OUT 


NOTE:  7al\jS3  do  not  include  cooling  system  weights* 


XitOt  ih 

tanegr  of  300  &  Hotor^-QeMra^  TarmmMe  IMa 


HOUt  ValtiMs  do  not  inoludo  cooling  system  woighta* 


Mechanical  details  of  ^  KC  and  200  KC,  slngle>phaae  eoavertora  are 
shovn  in  the  secticai  which  follows  with  a  three^j^se,  30  KC  unit  In  whjUdi 
three  separate  generator  sectlcsis  are  mounted  on  a  coesman  shaft*  fbs 
three  rotcnr  and  stator  sections  are  displaced  from  other  Iqr  120 
electrical  d^ees  to  produce  a  three>phase  volta^^  output* 

omERiam  peeaxis 

Stator-Rotor  Belationship 

Figure  53  shows  the  relationship  between  rotor  poles  and  stator  slots 
for  the  proposed  generator.  The  south  poles  of  thu  rotor  are  disidaced 
axially  frcaa  the  rotor  north  poles.  The  stator  slots  are  so  c]»>8en  that 
adjacent  stator  slots  are  located  one  for  »very  three  poles  of  the  rotor 
(counting  both  horth  and  south  poles).  .  stator  slot  may  have  a  maximal 
width  of  a  pole  pitchy  the  distance  fraa  the  center  of  a  north  pole  to  the 
center  of  a  South  pole.  This  places  the  slots  so  that  the  Induced  voltages 
are  in  opposite  directions  in  adjacent  slots.  Figure  33  shows  cross  seetiocui 
through  -die  generator. 

Rotor  -  The  rotor  is  made  of  a  high-strength,  solid  magnetic  material  and 
the  outer  circumference  is  slotted  to  form  poles  similar  to  g^ur  teeth* 

The  teeth  in  one  section  are  displaced  l80  electrical  degrees  from  the 
teeth  in  the  other  axially  displaced  section  as  shown  in  Figure  33* 
depth  of  slot  depends  on  the  (  r  gap  between  stator  and  rotor  teeth  and 
must  be  sufficient  to  reduce  the  flux  frcan  the  space  between  poles  to  the 
stator  to  a  low  percentage  of  the  flux  from  the  teeth  to  the  stator.  The 
two  sections  of  the  rotor  are  spaced  by  a  nonmagnetic  material  to  minimize 
flux  leakage  between  the  north  and  south  section* 

The  flux  In  the  rotor  is  a  DC  flux  and  produces  no  loss  during  steady- 
state  operation.  A  ripple  flux  in  the  pole  tips  will  produce  some  losses; 
this  loss  may  be  reduced  by  reducing  the  stator  slot  opening  to  less  them 
the  width  of  a  rotor  tooth  to  prevent  the  flux  from  changing  in  the  teeth. 

Stator  Iron  Configuration  -  The  stator  Iron  is  subjected  to  a  pulsating 
flux  of  the  generating  frequency  of  a  single  polarity  in  each  stator 
section.  The  flux  also  rotates  in  the  yoke  section  of  this  laminatlcm  at 
a  rate  the  same  as  the  rotor  speed  (rpm;  and  Is  pulsating  at  the  generating 
frequency.  This  material  must  be  of  low-loss  nagnetlc  material  and  of  very 
thin  laminations  to  minimize  iron  losses  at  high  frequencies.  The  flux 
density  must  also  be  at  reduced  values  to  minimize  losses  at  high  frequencies. 
Ferrites  are  usable  for  this  core,  but  limit  the  operating  temperature  to 
lower  values  than  with  nickel -iron  alloys.  Powdered  metal  cores  made  in  thin 
laminations  may  also  possibly  be  used  for  this  core.  The  notches  located 
In  the  outer  periphery  of  this  lan^iination  is  to  provide  for  coolant  fluid 
flow  and  are  located  at  the  source  of  heat  generation. 

Outer  Yoke  Configuration  -  Tne  outer  ycke  carries  the  flxuc  from  the  north 
stator  section  to  the  south  stator  section.  The  flux  rotates  in  the  outer 
yoke  at  the  same  speed  (rpn)  as  the  rotor  is  turning.  It  is  an  unchanging 
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Figure?^.  Derails  of  Basic  Generator  Concept 
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or  K  flux  for  any  load  c<xidlti03i.  The  outer  yoke  i«  sboim  as  a  tape  vouiid 
core,  aM  very  little  loss  is  generated  as  the  outer  ye^  is  laaiaated  and* 
tlus  loss  is  g^oeiated  a  constant  spinning  fliac.  Sw  outer  yckm  laadna- 
tion  say  be  fToa  a  thicker  and  higher  loss  material  than  the  stator  iron 
and  be  operated  at  high  ilm  densities. 

Stator  Air  Gap  -  The  stator  air  gap,  clearance  betveen  rotor  and  stator^ 
could  be  reduced  to  .001  inch  and  result  in  a  more  efficient  eleetritml 
design  and  sufficiently  large  field  MMP  to  coBq;ansate  for  deBagoetitiog 
stator  100*  at  200  KC.  The  gap  has  been  increased  to  0.010  inch  in  eoa- 
slderation  of  xaraetlhal  sanufacturing  tolerances.  Reducing  this  gap  vould 
resxilt  in  a  one  to  oiie-and>a-half  per  cent  increase  in  effieiei^. 

Ckmverter  Orive  Motor 


!l!he  electric  drive  stotor  is  a  synebremous,  solid-rotor  KASXSB  type. 

A  solid-rotor  type  was  chosen  becatise  its  field  vlnding  is  static  axid  its 
efficiency  and  pover  factor  are  higher  than  an  induction  type  of  SKXtor. 

^e  power  factor  say  be  adjusted  to  unity  by  adjusting  the  DC  exeltatioo 
power  to  the  motor  field  coils.  Its  rotor  speed  is  not  limited  other  than 
by  the  limitations  Imposed  by  the  strength  of  the  steel  used  in  the  rotor 
ccastruction.  Solid-rotor  NADINE  type  motors  have  been  built  and  tested 
and  are  identical  to  solid-rotor  types  of  NADINE  generators. 

At  1,000  cps  input  the  motor  is  designed  with  four  poles  for  30^000 
rpm.  Motor  design  speeds  of  60,000  rpm  with  two  poles  and  20,000  rpm  with 
six  poles  are  other  possible  coablnatlms.  !Qie  60,000  rpm  design  would 
resxilt  in  the  minimum  motor  weight. 

A  detailed  perspective  drawing  of  the  NADINE  synchronous  motor  (Figure 
56)  shows  the  physical  arrangement  of  parts  and  magnetic  flux  circuit* 

MECHANICAL  DETAILS  OF  60  KN  CONVERTER 

Details  of  the  60  KN  ccuverter  are  shovn  In  the  figures  which  follow 
for  these  configurations  and  design  data  is  included  in  Ihbles  15  and  I6. 


i. 

60  KW, 

10, 

50  KC 

(Figure  57) 

2. 

60  Ki7, 

10, 

100  KC 

(Figure  58) 

3. 

60  KW, 

10, 

200  KC 

(Figure  59) 

k. 

60  }7^, 

30, 

50  KC 

(Figure  60) 

As  indicated  in  a  previous  section,  this  concept  is  not  feasible  for  the 
800  KC  design  because  of  the  Inability  to  get  the  required  number  of  poles 
on  the  periphery  of  the  rotor  and  stator.  Rotor  and  stator  configurations 
are  to  the  dimensions  shown  on  the  drawings.  Additional  details  are  dis¬ 
cussed  in  the  section  on  Generator  Details.  The  motor  is  a  tliree-piase, 
30,000  rpn,  1,000  cps  unit  and  has  a  voltage  rating  to  natch  the  output  of 
the  SNAP  8  power  system  {43.6/75*8  volts  AC).  The  same  motor  is  used  far 
each  of  the  three  frequency  concepts. 
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NAOYNE  SYNCHROMOIB  MOTOR 


Figaro  $6  •  NADINE  Synchronous  Kotor  Details 


L8 


TABLE  13 

60  KW  M0T0B-(S5H£RA!K)R  10  DBSIGI  BASA 


30,000 


Motor 

Generatin' 

Controls 

Cooling  (Struetnre) 

Bearings 

Totel  (Pounds) 


STATOR  LAMIIIATIOSS  (.0005") 


150 


HYMU  80 


E3MU  80 


GEflERATOR  LOSSES  (WATTS) 

1480 

,760 

940 

145 

600 

1602 

2197 

165 

350 

600 

1610 

920 

3920 

1510 

600 

;^tator  Iron 

Stator  1% 

Field  I^R 

Windage  (2PSXA) 

Stray  Load  10 

Total  (Watts) 

3925 

4914 

8560 

GENERATOR  EFFICIENCY  0 

94 

92.4 

87.5 

MOTOR  EFFICIBNCT  0 

88.5 

88.5 

88.5 

COIRTERTER  EFFIdENCY  0 

83.1 

81.8 

77.5 

Avg.  Stator  Tooth  Flux  Density 
In  Kilollnes/Sq.Inch/ 

In  Gauss 

Stator  Conductor  Current  Density 
In  Amperes/Square  Inch 
Field  Conductor  Current  Density 
In  Aaperes/Square  Inch 
Cox^uctors 

Curie  Temperature  ®F 


29.8 

4610 

6400 

3500 

28  Nl-Clad 
Cu. 
860®F 


10. 

1550 

6400 

3500 

(J60OF 


XASUE  15 

60  KW  ^f)!^0!U^Sa[ERA!^0H  CiSSIGW  MEk  (3^) 


Geofiretor 

Contzt^ 

CooUBg  (Struetnm) 


Total 


STATOR  lAMIEATieiS  (.0005") 


GSMBRATOR  LOSSES  (WATTS) 


GENERATOR  EFFICIENCY  $ 


imOR  EFFICIENCY  f> 


CONVERTER  EFFICIENCY  % 


OIRBR  DATA 

Avg,  Stator  Tooth  Flux  Density 
In  Kllollnes/Sq.  Inch 
In  Gauss 

Stator  Conductor  Current  Density 
In  Amperc/Square  Inch 
Field  Conductor  Current  Density 
In  Ampere/Square  Inch 
Conductors 

Curie  Tenq>erature  ®F 


595 

1^^35 

558 

600 


3553 


9*^.l 


88.5 


83.2 


21.5 

3330 

hSOO 

3500 

28  Nl-Clad  Cu. 

860^ 


sm  do 


1975 

1600 

3900 

1700 

600 


9775 


83.0 


88.5 


77.0 


15.8 

2440 

6400 

3500 

28  Ni.Clad  Cu. 
860®F 
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43.6/75.8  VOLTS  30,000fiPI| 
1000  CPS  3 1 

0.75  IN.  DIA 


i 


-6.5  m. 


GENERATOR 

60  KW  10, 100  VOLTS 
502C  10 

10.  Om.  ISA 


I 


•11. 5  IN. 


Figurs  ^7  •  Prellndnsxy  Hechanlcsl  Design  of  60  KW,  l|f, 
50  KC  Motor-Qcnerstor 
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CCX»UI]IT 
02 - , 


U.2  m. 


Figure  58*  Frelininarx  Meohenicel  Desl^.  of  60  EW,  1^, 
100  KC  Jtotor-^nerator 
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t 


usn 


K 

»OLB 


17.75W. 


Figure  59*  Preliminary  Mechanical  Design  of  60  KW,  1^, 
200  KC  Motor-Generator 
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Figura  $0*  Pr^i)idi3«r7  Kechanlcal  Design  of  60  KW,  3^, 
50  KC  Hotor*Generator 


KSTHAgiCAL  hsmis  OF  300  ctmmtTm 


Ihe  300  KV  aotor-generator  design  is  slaiXar  to  tbe  60  KSi  mlt*  Osietgii 
details  appear  in  the  figures  vhich  foUov  for  these  e<»ifiguratioiis  and  pam- 
oetrie  data  is  shewn  in  HHbles  17  and  l8. 


1.  300  WH,  10,  50  KC 

2.  300  Kt^,  10,  100  KC 

3.  ^  IW,  10,  200  KC 
k.  300  Bf,  30,  50  KC 


(Tigure  61) 
(Figure  62) 
(Figure  63) 
(Figure  6¥) 


The  inability  to  design  a  rotor  and  stator  to  contain  the  required  nmber  ot 
poles  mkes  tiut  motor-generator  concept  not  feasible  for  the  6OO  KC  cemeept* 
Dimensions  of  the  cenverters  are  shown  em  the  face  of  tlus  drawings  and  dis¬ 
cussed  in  a  previous  section.  i!he  motor  is  a  three-phase  solid-rotor  eotwept 
operating  from  the  120/208  volts  AC  output  of  the  SFDB  type  of  power  systen. 
The  design  is  the  same  2lt-,000  rpn,  3,200  cps  machine  for  each  of  the  300  KV 
converter  units* 


THSmAL  AHALTSIS 


The  cooling  system  of  the  motor-generator  unit  is  made  up  of  thin 
parallel  tubing  located  in  the  stator  yoke.  The  parallel  tubes  then  con¬ 
verge  into  a  collection  ring  at  each  etui.  Due  to  the  short  length  of  cool¬ 
ant  tubing,  multiple  coolant  passes  may  be  required  in  order  to  achieve  a 
reasonable  value  of  A  T  without  resotrting  to  unrealistically  small  tubing* 
Beat  is  removed  from  the  stator  to  the  coolant  fl^iid  by  means  of  conduction* 
High-frequency  generator  xmita  are  capable  of  operating  at  temperatures  in 
the  500^  to  8000?  range.  Figure  65  shows  the  effect  of  system  operating 
temperature  on  generator  system  weight.  Calculated  electrical  losses  for  s 
^0  KC,  100  KC,  and  200  KC  unit  and  other  thermal  design  data  including 
efficiencies  for  HYMU  60  materials  are  shown  in  Thbles  13  throuc^  l6* 

Figure  66  is  a  coolant  flow  analysis  for  this  system.  Coolant  flow  rates 
and  coolant  temperature  rise  will  vary  from  design  to  design  of  a  given 
size  of  motor -generator.  The  iron  losses  are  a  functi(»i  cf  flux  density, 
iron  volume,  frequency,  and  material  used  in  the  laminations.  Substltutioo 
of  1j8  alloy  for  the  HfMU  80  reflected  in  the  200  KC,  single-phase,  3^0  KW 
generator,  Thble  17,  would  Increase  the  losses  more  than  3  KW.  This  would 
require  Increased  coolant  flow  to  mlntain  the  same  coolant  AT* 

Efficiency  -  Efficiency  of  the  generator  is  reduced  as  the  temperature  of 
the  generator  iron  increases.  Figure  67  shows  how  the  efficiffisey  changes 
as  a  function  of  temperature  for  a  60  KV,  50  KC  design.  HOBJ  8C  naterlal 
in  .0005  inch  laminations  can  be  used  to  nearly  550®F  stator  iron  surface 
temperatures  with  a  calculated  efficiency  of  9^  per  cent  (Thble  15)* 

Alloy  48  is  shewn  on  the  efficf.ency  versus  temperature  curve  at  a  Icwer 
efficiency  and  has  been  considered  for  use  because  of  its  lower  weight. 

If  higher  operating  temperatures  are  required,  the  silicon  irons  will  have 
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XABLB  17 


300  desigh  data  (i^) 

oownmuojxm 

50  SC  10 

100  KC 

200  KC  10 

CSPERA3XRG  SRSED 

2k,00C  HPM 

24,000  RFH 

24,000  RFM 

mar 

175 

175 

175 

Geaerttor 

445 

1300 

Coatrola 

11 

11 

11 

CooHog  (Straetm) 

7 

7 

7 

Brnrim 

Zbtol  (Bocmaa) 

5w 

— r— 

Sr4S(m  LAKTHmOKS  (.000$”) 

smj  do 

EXMC  do 

GEmpjisxm  LOSSES  impss) 

stator  boa 

Stator  X^R 

10900 

10,500 

5600 

$870 

4,8fi0 

6430 

flaia  I^R 

1285 

200 

3640 

Wladage  (SPSIA) 

633 

1,700 

4650 

Stnqr  load  2$ 

3000 

3.000 

3000 

Total  (vatta) 

18186 

20,250 

23320 

GENSKAIIQR  EFTZCZEHCr  % 

94.^» 

93.8 

93.2 

MOTOR  EFPIdEHCY  i 

88,5 

88.5 

88.5 

CONVERTER  EFFICIENCy  % 

88.5 

83.0 

82.4 

OTOER  data 

i^.  Stator  Tooth  Flux  Density 

29.8 

15.5 

15.8 

In  Kilolines/Square  Inch 

2,3e>0 

2,440 

la  Gauss 

4,460 

Stator  Conductor  Current  Density 

6,400 

6,400 

6,400 

In  Aoperes/Square  Inch 

Field  CoKluctor  Current  Density 

3,500 

3,500 

3,500 

In  Aoperes/Sqinre  Iheh 

Conductors 

28  Ni.CXad 
Cu. 

28  Ni-Clad 
Cu. 

060 


860 


Curie  Tesjpereture  ^ 


860 


ZABLS  18 


300  KSf  MOTOR-^SNERATOR  DSSIOM  DASA  (3^ 


a»iomHjRATXOi 

50  KC  30 

200  BC  30 

i 

OFSRATXIi;  SPIED 

Wicm  (LBS.) 

Itotor* 

Generator 

OsatTKAm 

Cooling  (structure) 

Bearings 

Total  (Pounds) 

- 1 

175 

601 

U 

7 

T 

1 

175 

1800 

11 

7 

STAOJOR  LWaNATIONS  (.OGJ”) 

EIHD  80 

GENERATOR  LOSSES  (WATTS) 

12655 

Stator  Ircm 

Stator 

Field  I^R 

koso 

6520 

6800 

1240 

1250 

Windage 

1295  ; 

1295 

Stray  Load  1^ 

3000 

3000 

Total  (Watts) 

16075 

25000 

i 

.  i 

GENERATOR  EFFiCIENCr  % 

94.6 

91.6 

1 

MOTOR  EFFICIEHCy  % 

88.5 

88.$ 

CONVERTER  EFFICIENCY  % 

03-» 

80 

OTHER  DATA 

15.8 

Avg,  Stator  Tooth  Flux  Density 

21,21 

In  Kllolines/Sq.  Inch 

In  Gauss 

3300 

2440 

Stator  Conductor  Current 

Density  in  A2ni>erc8/Sq.Inch 

6400 

6400 

Field  Conductor  Current  Density 

In  Ampere s/Square  Inch 

3500 

Conductors 

28  Ni-Clad  Cu. 

'  23  Ni»clad  Cu. 

Curie  Temperature 

860**P 

1  860®? 

IS.  $  m 


?igar9  61  •  Frelinin«T7  KedMiilcal  oi  yOO  XW ,  10 

50  KC  }k}tor*G«ner«tor 


oxn^Airr 

OCT 


COOLANT 
Of - 1 


Figuro  62*  Prelindnazy  Mechanical  Deaign  of  300  KW,  10, 
100  KC  Motor-Generator 
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COOLAVr 

oiir 

COOLAMT 

Of 

AC  STATOR 

PUQCRATRi 

STATCtt  Oirnm  YOKE 

"»^  ||,|^.,|  . . .  ♦. 

W5IS^‘;?5^ 


. "  ■  - 


S.O  IM.  OlA 


11.3701.  DIA 


1X>V  M.OOOS 


SttOCM  3# 


HOKMAGWerC  / 

QBMIKATOK 

300  wr  10.100  VOLU 

300IC  10 


17.0  Of.  DIA 


Figort  63  •  FreXlAinaxy  M»ohenlo«l  Design  of  300  KV,  3# 
200  KC  Motor-Oeiierstor 


13' 


7.6 


m. 


28.6  m. 


Figure  6h.  Preliminary  Mechanical  Design  of  300  Ktf,  30* 
50  KC  Hotor<-Generatcr 
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X)OMNT  IM 


Wy  -  >0.1 

-  2[j®  C 

1  60  Kl/,  SINGIfi  PHASE ,100  KC  MOTOR-GENERATOR 


Wy  ■  83.7  IB/hW 
t\T  •  32®  C 

B  300  Klij,  SHWlfJ  'HASE,  50  KC  KOrOR-GEIJERATOR 


COOLANT  OUT 
T3  •  l»2ltO  C 


COOLANT  OUT 

T3  -  3670  C 


Figxire  66#  Thermal  Flov:  ’'iaprams  for  60  Frw  end  300  KV/  Kotor-Generators 
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STATCm  WOK  SURFACE  TEMHIRATURt 


Figure  67#  Efficiency  versus  Teiaperatures  for  Motor  Generator 
Ccmvertera 


to  be  iised  vith  resulting  lover  effleleseles.  llie  efficiency  versus  «ei|^ 
curves  for  differ«at  mgnetie  laaterials  (shovn  la  seetiou  mt  3CX)  X¥  deslga) 
espbaslzes  the  fOet  that  there  exists  a  oaxlisuffl  efficiency  at  a  given  fm- 
quei^y  t€fT  each  oaterial.  For  any  given  mterial,  velgbt  say  be  varied  for 
an  increase  In  efUeiency  up  to  a  maxlmua  efficimwy. 

Stator  Irm  Losses  -  iron  losses  at  high  frequ^j^ies  (50  KC  to  800  KC) 
becdoe  very  important  in  the  design  of  generators  since  t^y  affect  tim 
temperature  of  the  parts  and  the  efficiency  of  the  generator.  Tl»  effect 
of  frequdiiey  on  irm  losses,  magnetic  materials,  and  various  laaination 
thicknesses  are  reviewed  in  a  later  seption  on  materials,  (kily  a  limited 
amount  of  information  exists  on  losses  at  the  50  to  200  KC  level  at  elevated 
temperatures.  !!^8ts  have  been  condiuted  as  part  of  this  prc^ram  to  deter¬ 
mine  the  magnitude  of  these  losses.  Data  is  included  in  the  experimeital 
data  section  concerning  this  portlcai  of  the  program  az^  the  magnitude  of 
losses  which  can  be  expected  at  the  higher  frequencies. 

Copper  Losses  -  !Ihe  conductor  1%  losses  vary  directly  as  a  function  of 
resistivity  and  the  square  of  current  density  and  indirectly  with  taaperature. 
All  the  copper  losses  have  been  calculated  for  the  same  material  resistivity 
and  current  density  (see  Xable  15)*ii^  the  stator  vindlx^  and  a  lower  current 
density  in  the  field  coils.  These  losses  may  be  reduced  additional  con¬ 
ductor  issaterlal  and  weight.  The  increase  in  this  loss  due  to  Increase  in 
conductor  resistance  as  a  function  of  frequency  (skin  effect)  can  be  mini¬ 
mized  by  iising  small  diameter  conductors  in  parallel. 


Seetlon  HI 

BIQI  IfOStilESCX  csaassusoR  cokxr 


A  portion  of  tiie  pros^aa  effort  mui  deiroted  to  In'veetlgatlon  of  eon« 
eept«ttl  Aesigns  fmr  the  gowratlc^  of  hi^  frequency  electrical  povor  \tj 
rotary  electronechanlcal  nachlnea  and  conversion  techniques.  (Stu»  high 
treq^maej  teni  used  in  the  disetoMion  refers  to  a  freqi^ney  hi^tier  than 
convndUomQ  pover  frequent  and  in  ttw  rai^  of  50  EC  to  wO  KC).  She 
■eehanical  shaft  power  availahle  for  use  in  this  goierator  design  was  5CX> 
hp  at  S^,000  rpB.  She  electrical  power  requlrea^w  was  for  50  KC,  100  KC, 
aM  200  SC,  single-piiase,  10,100  volts.  Design  ohj^tives  iittluded  effi- 
ci^tey  of  not  less  than  85  per  cent  and  overall  weight  of  1,500  poioids. 
The  abaft  teaperature  was  considered  to  he  1,000<^  and  the  geoerat^n*  life 
expectancy  Objective  was  10,000  boors. 


BASIC 


AFiiRaiiai 


Shis  guierator  design  is  sisllar  to  the  generator  design  cotisidered 
for  vm  in  the  ^  KW  ootor^cnerator  converter  concept  and  is  to  he 
drivoi  directly  fron  a  turhine.  Figure  68  Illustrates  the  basic  generator 
concept  considered  for  this  ^  KC  to  200  KC  generator  concept.  She 
generator  is  a  solld-rot<»r  tosopqlar,  inductor  type  operating  at  the 
specific  2t,000  rpB.  Ik>te  that  the  field  windings  are  static  and  located 
on  tlw  stator.  Shis  particular  type  of  nachlne  was  selected  for  this 
appUontion  after  peliainary  investigation  of  the  various  types  of  n»ehlnet 
available  for  UMt.  ibialysis  curves  of  frequency  versus  power  output  and 
istisMCted  wei^t  for  this  sachine  ccncept  (Conflguraticm  B)  are  tovaosS.  in 
the  section  <m  ELee^raangnetle  Generators.  Shis  type  of  soli6.>rotor 
goaerator  possesses  blgb  rjm  and  high  tospexature  capahilltles,  eund  is 
capable  of  operation  above  the  90  per  ceatt  efficiency  level* 

In  cooparing  the  might  of  the  generator  in  the  converter  systaa  with 
this  goaerator,  the  turbine  driven  generator  system  weight  should  be  less 
than  the  vei^t  of  'Uie  uotor-generator  concept  by  the  ejoount  of  irotor 
weight  required  by  the  converter  igrsten.  To  he  considered  also  is  the 
fact  that  this  gonsrator  design  is  based  on  a  500  hp  ir.put  from  the  turhine 
which  is  really  a  373  KV  Input.  Performance  and  loss  data  for  this  design 
concept  are  susaarited  la  Table  19  and  20  which  follow  for  a  50  KC,  100  KC, 
and  200  XC  high-frequency  generator  design.  Ibis  data  is  based  m  Inputs 
and  outputs  as  shown  io  the  block  diagram  which  fsUows* 

Specific  details  of  a  turline  driven  generator  to  produce  a  KC 
singIe-0ukM!  10,100  volt  output  are  shewn  in  Figure  69.  Figures  70  and  71 
show  pertinent  details  of  the  100  KC  and  200  KC  designs.  A  thenaal  analysis 
follows  the  section  on  Hectical  Details.  > 
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Figuv**  68*  Battle  High-Frequency  CSenerator  Configuration  (PtorspMtiw) 


19 

^iMKiEr  OF  HioB-rRsopBRar  GBXBusm  fismssm  matk 


50  XC 

ICO  KC 

^XC 

h2$ 

5Ud 

1525 

Klf  !UD  (Io88m) 

13.7 

22.3 

23.3 

nr  OUT 

300 

300 

300 

miCIEKf  (%) 

9S.6 

93.3 

92.8 

io.7 

U 

28 

BIAMEXER  (Ineboo) 

15.8 

16 

17.9 

warn  (on.  ft.) 

1.2 

1.3 

l».l 

VBB/Oi  RAD 

31 

2i».6 

67.8 

l£S/nr  OOT 

l.lt3 

1.83 

5.08 

SOTEt  V«ltM8  do  not  inelndo  oooUng  agroten  iwlgbtt 


138 


TABtZ  20 


HIGH  FREQOPICr  (SEaffiaATOR  DSSICHI  UU 

(300  PQ 


$0  KC  10 

100  nc  10 

^  1C  10 

{SSI^SISRSBI^IliillllllllllllilHIIII 

Omneralor 

LOO 

523 

1500 

(kmtrols 

U 

11 

U 

Cooling  (Stmotnro) 

7 

7 

Bearinga 

JL 

^9 

7 

Total  (lbs*) 

h2$ 

5L8 

152$ 

mw  80 

it8  ALLOI 

HIKD  80 

L8  ALLOT 

Iir.iination  Materlala 

Thlckneaa 

.00G>'« 

.0005" 

.0005" 

.0005" 

.0005" 

Lossea  (Watts) 

Stator  Iron 

Stator  i2r 

?900 

11300 

12178 

5600 

^50 

32LO 

3600 

5o<4'3 

6L30 

8700 

Plaid  I^R 

?27 

586 

200 

36LO 

3800 

Windaga 

1019 

1019 

1870 

L650 

L650 

Strqr  Load 

JLOOO 

3000 

3000 

3000 

3000 

Total  (Watts) 

13686 

19505 

22,296 

23,320 

26,600 

Generator  Efflciancy  {%) 

95.6 

93.1 

93.3 

92.8 

92.0 

Other  Data 

Attg*  Stator  Tooth  Flux 
Density  in  Kilolinas/ 
Square  Inch  in  Graussas 

22.8 

22.8 

15.5 

15.8 

15.8 

Stator  Conductor  Currant 
Density  in  Aitqperes/ 
Squara  Iiush 

35UO 

35UO 

2360 

2h00 

2L00 

Field  Conductor  Oirrant 
Density  An^ras/Squara 
Inch 

6h00 

6L00 

6L00 

6l;00 

6LOO 

Conductor 

28  NI 

Clad  Cu. 

Curie  Temperature  9? 

860® 

932®  1 

860® 

86c® 

932* 
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Figar«  69.  I^linlxuny  Htoh«nle«l  Sttign  of  a  50  XC  Rli^ 
Tr9<i^uaaiaj  OoMrator 


STATCmOOTBlICia 


300  nr 
100 1C 


10,100  VOLTt 
HOOORPM 

10 


16.1  Of.  DM. 


1 


11  Of. 


Figur«  70.  Preltmtnoxy  M»ch«nic«X  Dooiga  of  •  XOO  EC  Ri|^ 
Freqaenejr  Genorator 


ROTOR 

GENERATOR  CONFIGURATKIN  "B" 

Figiir*  71*  PTBlisdnaxy  Mtohanieal  Dasigii 
Details  of  a  200  KC  Bli^ 
Freqaem^  OeneraW 


Output 
10  KY,  1$ 

^  KC,  100  &  200  KC 


Coolant  Out 


GENERATOR  DE!EAILS 


Stator  Rotor  Relationship 

Figure  71  shovs  the  relationship  between  rotor  poles  and  stator  slots 
for  the  proposed  generator.  Tae  Pouth  poles  of  the  rotor  are  displaced 
axially  froto  the  rotor  horth  poles.  The  stator  slots  are  so  chosen  that 
adjacent  stator  slots  are  located  one  for  every  three  poles  of  the  rotor 
(counting  both  north  and  south  poles).  A  stator  slot  c»y  have  a  maxlauai 
width  of  a  pole  pitch,  the  distance  from  the  center  of  a  north  pole  to  the 
center  of  a  South  pole.  This  places  the  slots  so  that  the  induced  voltages 
are  In  opposite  directions  In  adjacent  slots.  A  vley  of  Figure  71  shoirs 
cross  sections  through  the  generator. 

Rotor  •  The  rotor  Is  made  of  a  high-strength,  solid  osignetle  toaterlal  and 
the  outer  circumference  is  slotted  to  form  poles  slmliLar  to  gear  teeth.- 
The  teeth  in  one  section  are  displaced  idO  electrical  degrees  from  the  teeth 
In  the  other  axially  displaced  section  as  shown  In  Fif^e  71*  Ihe  depth  of 
a  rotor  slot  depends  on  the  air  gap  between  stator  and  rotor  teeth.  The 
slot  depth  must  be  sufficient  to  reduce  the  flux  from  the  slot  to  one  stator 
to  a  low  percentage  of  the  flux  from  the  teeth  to  the  stator.  The  two 
sections  of  the  rotor  are  spaced  by  a  nonmagnetic  material  to  minimize  flux 
leakage  between  the  north  and  south  section. 

The  flux  In  the  rotor  Is  a  DC  flux  and  produces  no  loss  dinrlng  steady- 
state  operation.  A  ripple  flux  in  the  pole  tips  will  produce  some  lossesi 
this  loss  may  be  reduced  by  reducing  the  stator  slot  opening  to  less  than 
uhe  width  of  a  rotor  tooth  to  prevent  the  flux  from  changing  in  the  teeth. 

Outer  Yoke  -  !Ihe  outer  yoke  carries  the  flux  from  the  north  stator  section 
to  the  South  stator  section.  The  flux  rotates  in  the  outer  yoke  at  the 
same  speed  (rpm)  as  the  rotor  is  turning.  It  is  an  unchanging  flux  for 
any  load  condition.  The  outer  yoke  as  shown  In  a  ta^-e  wound  core  and  very 
little  loss  is  generated  by  a  constant  spinning  flux.  T!ie  outer  yoke 


laalmtloa  be  frcai  a  thicker  and  higher  l(»s  aiaterial  thaa  the  stator 
iron,  and  ecmld  be  operated  at  hi^^ier  flux  deoaitiea. 

Stotoar  Irm  •  She  stator  Iroa  is  subjected  to  a  polo&tii!^  flax  of  tlw 
geiMauting  freg^ncy  of  a  single  polarity  in  each  stator  section.  Ihe 
Has  rotates  in  tije  yc&e  secti<»i  of  this  l^usination  at  a  rate  the  saaw 
as  the  rotor  speed  (rpo)  emd  is  puli»tlng  at  the  generating  fn^a«!^. 

!^s  mterial  aost  be  of  a  low-loss  magnetic  material  and  at  rery  thin 
laminations  -to  niniislse  iroi  losses  at  high  frequeEffilea.  Xaminations  at 
*001  inches  and  .000^  Inch  thickness  haire  been  e(»$sidiered  in  this  deal^oi. 
!!^  flax  deiuii'ty  raist  a.  so  be  at  reduced  values  to  Btlnlialze  leases  at  high 
frequencies.  Ferrites  are  usable  tar  this  core^  but  lialt  the  operating 
t^persture  to  lower  vali»s  than  are  achievable  with  nickel-iron  aUoy 
laminated  cores. 

(mm  DKEAILS 

Ihe  most  difficult  area  of  generator  manufacture  is  in  the  assembly  of 
tlu»  AC  BtaXar  sectiem  par’ts.  the  ruse  of  thin  laminations  (.0005  to  .001 
in. }  is  desirable^  methods  for  assembly  of  the  laminations  voi^d  have  to  be 
developed.  One  colutl«xi  is  to  fabricate  the  laminations  from  .001  inch 
laminations  which  have  been  built  up  froia  bonded  layers  of  thin  lamimtion 
material  in  the  sheet  form.  If  this  were  deme,  then  fabrication  cor.,  easily 
be  aceompLished  as  it  .010"  thick  laminations  were  being  used.  Other  manu¬ 
facturing  operations  may  be  aceompl  ished  using  techniques  which  have  been 
developed  for  suuiufaeture  of  generators  and  motors  for  other  appileations. 

The  mounting  and  eoupllzig  of  generator  to  turbine  may  be  accomplished 
by  presently  developed  methods  and  requires  coordination  with  the  turbine 
manufacturer. 

TH)3RMAL  AHAHSIS 

Cooling  -  The  cooling  system  of  the  high-fre<;i'~<ency  generator  unit  is  made 
up  of  thin  parallel  tubing  located  in  the  stator  yoke.  The  parallel  tubes 
converge  into  a  collection  ring  at  each  end.  Due  to  the  short  length  of 
coolant  tubingi  multiple  coolant  passes  may  be  required  in  order  to  achieve 
a  reasonable  value  of  h.  T  without  resOi'ting  to  unrealistically  small  tubing. 
Heat  Is  removed  from  the  stator  to  the  coolant  fluid  by  means  of  conductlcm. 
High-frequency  generator  units  are  capable  of  operating  at  temperatures 
above  1,000®P,  but  designs  considered  here  are  based  on  coolant  temperatures 
in  the  to  300®y  range.  As  part  of  the  generator  system  thermal 

anuilyslSi  data  was  plotted  in  Figure  72  to  show  the  effect  of  system  operat¬ 
ing  temperature  on  generator  system  weight.  Calculated  electrical  losses 
for  a  50  KC  and  200  KC  unit  and  other  thermal  design  data,  including  effi¬ 
ciencies  for  48  Alloy  and  HMJ  80  materials,  are  shown  in  Thbles  19  and  20. 
Figure  73  is  included  to  show  coolant  flow  requirements  for  a  typical  50  KC 
design.  CoolMtt  flew  rates  and  coo}ant  temperature  rise  will  vary  from 
design  to  design  of  a  given  size  of  generator.  Since  irem  losses  are  a 
function  of  flux  density,  iron  volume,  frequency,  and  material  used  la  the 
laminations,  various  magnetic  materials  must  be  considered  in  the  design. 
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Figure  72 •  Analysis  of  System  ♦•eight  vs.  Tem^rature 
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Figure  73^  Thermal  Flow  Diagram  for  High  Frequency  Generator 


Substitution  of  k8  lllpy  for  the  EXJ®  80  in  the  200  KC,  single-phase,  300  Kt 
generator  as  shoim  in  Hhble  20,  vould  Increase  the  total  losses  sore  than 
three  KH,  &2ch  an  in:;rea8e  vo^d  require  increased  coolant  flov  to  mintalB 
the  t^me  coolant  1. 

EfTieieney  -  Efficiency  of  the  gei^rator  is  reduced  as  the  temperature  of 
ti»  generator  iron  increases.  Figure  7h  indicates  the  amner  in  vhich  the 
ftfflclem;y  changes  as  a  fUncti<m  of  temperature  for  a  300  KWT,  200  KC  desi^pci. 
EXMH  do  material  in  .0(X)3  inch  laiBinati<ms  can  be  used  to  nearly  600^ 
stator  Iren  surface  temperatures  with  a  calculated  efficiency  of  9%.^  per 
cent  (Shble  20).  Alloy  48  is  shorn  on  the  efficiency  versus  tooperature 
curve  at  a  lover  efficiency  and  has  been  considered  for  use  because  of  its 
lower  weight.  If  higher  operating  temperatures  are  required,  the  s^dteom 
irons  will  have  to  bt  used  with  resulting  lower  generator  efficiencies. 
Before  a  genemtor  design  can  be  finalised,  effort  must  be  expended  to  give 
an  IndlcaticHi  of  efficiency  versus  wel^t  trade-off  potentials. 

Efficiency  Versus  Wieight  -  !Che  calculated  values  of  efficiency  versus 
generator  weight  are  plotted  on  Figure  75.  These  curves  were  obtained  Iqr 
varying  magnetic  flux  densities.  It  can  be  seen  that  for  a  given  frequoiey 
there  exists  a  maximum  value  of  efficiency  which  is  also  a  function  of 
magnetic  mterial  employed  in  the  design.  The  highest  efficiency  can  bs 
achieved  by  using  BXld}  80  in  laminations  of  .0005  inch  thickness. 

> 

At  higher  temperatures  where  materials  like  HXMU  80  lose  their  magoetie 
properties  silicon  steels  are  employed.  The  higher  unit  volume  loss  results 
in  lower  efficiencies  for  the  generator. 

Stator  Iron  Losses  -  The  iron  losses,  at  high  frequencies  become  very  import¬ 
ant  in  the  design  of  generators  as  they  affect  the  temperature  of  the  peorts 
and  the  efficiency  of  the  generator.  The  effect  of  frequency  ca  iron  losses, 
magnetic  materials,  and  various  lamination  thicknesses  are  reviewed  In  a 
later  section  on  Materials.  Only  a  limited  amount  of  information  exists  cn 
losses  at  the  50  to  200  KU  level  at  elevated  temperat'iures.  Tests  have  been 
conducted  as  part  of  this  program  to  determine  the  magnitude  of  these  losses. 
Data  is  Included  in  the  e 'qperlmental  data  section  conceiuiing  this  portiem 
of  the  program  and  magnitude  of  losses  which  can  be  expected  at  the  higher 
frequencies. 

Copper  Jjoseea  -  The  conductor  A  losses  vary  as  a  function  of  temperature, 
resistivity,  and  the  square  of  current  density.  All  the  copper  losses  have 
been  calculated  for  the  same  material  resistivity  and  current  density  (see 
Table  20)  in  the  stator  winding  and  a  lower  current  density  in  the  field 
coils.  These  losses  may  be  reduced  by  additional  conductor  naterlal  and 
weight.  The  increase  in  this  loss  due  to  increase  in  conductor  resistance 
as  a  function  of  frequency  (skin  effect)  can  be  minimized  by  using  snail 
diameter  conductors  in  parallel. 

Weight  Versus  Temperatxire  -  The  cxirves  of  weight  versus  temperature  show 
that  the  higher  the  opfjrating  temperature,  the  leirger  the  generator.  The 
increase  in  size  or  weight  with  temperature  results  frcsn.aa  increase  in 
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Figur#  7lj,  Sfficienoy  rs*  T»mp©ratur*  fop  High  Frsqutncy 
(50  to  200  KC)  Generator 
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ai^^tie  ssaterial  as  a  result  of  redtusticm  In  pen&issible  operating  flux 
dkactfity  as  teaperature  is  lner<^sed  for  ai^  given  laagnetie  aaterial. 
lover  Heights  otn  be  obtained  at  the  higher  teaperatux^s  changing  to 
tla»  use  of  higher  loss^  naterials  vhich  ha-^^  higher  allouable  flux  densities 
and  Oitrie  teopexatares.  As  a  resul-^  tlw  veight  ^^sxzs  toaperature  hM 
several  slopes;  case  for  each  aateriid  eemsidered,  aM  can  rasain  constant 
over  a  t^operature  ranc^  for  high  flux  density  natexial  vhich  is  being 
utilised  at  a  lov  value  to  ainisiize  losses.  Specific  vei^t  versus  toipera- 
ture  curves  for  BQfil  60  and  silicon  steel  are  i^oim  in  figures  jS  and  77* 
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Figure  77,  Weight  vs#  Temperature  for  Silicon  Steel 
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]3ISiCaXISIEI^ 

fItU  tectlon  i«  inclitaed  in  tbe  report  m  additional  inf<»raatian  aff^t- 
ing  tlie  deai^  of  ti^  converter  and  generator  conceptual  designs  resultiEg 
frea  tbe  stn^.  fFiiis  inforvution  supplements  thtt  information  in  the  opeoting 
sectioi  of  graseration  ard  conversicn  techniques  and  inforoatioi  contain^  in 
each  of  the  coiieeptual  design  sections* 

Specific  infemaation  is  divided  into  the  folloiring  annul  and  a  dis¬ 
cussion  of  ^ch  is  found  in  the  action  vhicb  folloss: 

1.  EnviroaBOBt 

Approach  to  system  cooling 

3.  Analysis  of  materials 

Badiatibn  resistance  of  converter  components 

RelUhilitr 

ENVZROiiMg^ 

Analytic  studies  have  touched  mainly  on  problems  of  temperature^  radia¬ 
tion,  corrosion,  and  vacuum.  Others  considered  are  listed  below  and  involve 
prelauneh,  natural  and  induced  envircwunental  conditions. 

Pre'iatinch  Environment 


Corrosion 

Extreme  Temperature 

Natural  Environment  Induced  Environment 


Ambient  Tmoperature 
Ugh  Viscuum 
Solar  Radiation  > 

Ionized  &  Dissociated  Oases 
Van  Allen  Radiation 


Mechanical  Vibration 
Acoustic  Vlbratloi 
Acceleration 
Temperature 
Shock 


Nuclear  B^iatloi 


sFmmmr  (mmAL) 


Asbleat  Teaperatqre  •>  Srmrces  of  heat  which  Influence  tht  aaolent  tempexatuve 
in  a  laaJcT  way  are  tteiml  radiation  from  direct  sunlight  and  heat  genemted 
within  the  equipment  itself.  Hhe  solar  constant  is  2.0  calories/i^L.  OBHKla. 
at  the  birth’s  mmn  distance  froo  the  sun.  Sii^e  heating  and  cooling  of 
equipBwnt  in  space  is  hy  radiatim  c»>ly,  the  probli^  of  c<mtrolling  aahient 
tesp(n:ature  is  a  najior  oam» 

^e  effects  of  incr^sed  ambient  temperature  in  power  eoznrersion 
equipocsit  are: 

1.  Loss  of  mechanical  Int^prlty. 

2.  L^Jcage  of  s^led  imits^  particularly  at  the  union  of  dissiadlar 
metals. 

3.  }&tertal  expansicn^  metal  creep^  emd  fatigw. 

4.  I>&terial  sublimation. 

Design  counterm^sures  involve  use  of  absorptive  and  reflective  sur¬ 
faces,  separaticm  of  equipment  into  temperature  rauige  categories,  axid  use  ot 
radiation  and  conduction  heat  transfer  cooling  techniques.  A  standard  con¬ 
sideration  is  the  use  of  heat-resistant  materials  wherever  possible. 

High  fectnua  -  At  10  to  120  miles  above  the  earth,  atmsospheric  pressures 
represent  partial  space  equivalent.  Beyond  120  v.lles  pressures  are  frcm  1.5 
X  lO'^  mm  of  Eg  to  an  estimated  1.5  X  lO”^  for  outer  space  in  the  solar 
system. 

Arc -over  and  corona  discharge  are  to  be  considered  in  space  in  addi¬ 
tion  to  boiling  of  liquids  at  lower  temperatures,  vibration  problems  due 
to  lack  of  air  for  damping,  explosive  decompression  of  hermetically  sealed 
units  and  sublimation  and  evaporaticm  of  inorganic  materials.  Ih  sealed 
units  thut  are  not  vacuum-tight,  more  volatile  materials  may  evaporate  from 
hotter  puiis  and  condense  on  colder  ones  as  thin  films.  Outi^ssing  can  have 
corrosive,  plating,  and  chemical  effects.  It  is  knovm  that  ceiiain  nylon, 
polyesters,  and  epoxies  lose  up  to  ten  per  cent  of  their  weight  per  yeeir  in 
a  vacuum  at  slightly  above  roan  tcmperatxtres. 

fbterlals  for  use  In  a  power  conversion  system  must  have  low  sublima¬ 
tion  rates.  Insulating  materials  must  adeqmtely  provide  protection  from 
arc -over  and  corona  discharge,  as  well  as  resist  sublimation  and  also  ha'c 
high  temperatxire  capabilities. 

Solar  rta,dlation  -  For  equipment  that  may  undergo  long  exposwe  periods  to 
solar  radiation,  extra  shielding  of  semiconductor  devices  is  required.  Ihe 
most  significant  effect  of  solar  radiation  appears  to  be  on  organic  materials 
In  the  ultra-violet  band  below  2,400A.  Rubbers  and  polyesters  are  sus¬ 
ceptible  to  diwaage. 
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sund  Pisiwciated  Oauiet  *  ^se  gaees  fora  at  altitnie  as  ai^Uur  radia- 
ti<»  eii^u^  elM»^teaI  activity  of  noraal  g^asea.  Sypenoaixt  nig^t  can  alao 
iadnctt  tagpesratare  mstrraesidtSdna^^ele  i^bieb  can  prodtiee  dlaaoelatictt 
axA  XoniiiAtioa  of  gasoa.  Ja  altered  or  excited  atate,  diaaoelated  gaaea  njr 
hara  hi^hiy  atecelerated  oxldaticai  ratea*  tRieae  can  do  actual  dam^ 
to  eqiii|«Nnit,  evg.  aocatOBle  ociQrgei  reacta  very  readily  ai^  rapidly  (foraiBg 
oxide)  vitli  mteriala  like  Fe  oxidea  sad  alloya^  Oa,  Ag,  and  aniqr 
orgaaie  mtniala* 

Design  teefaaiq^a  to  offset  this  envirooBental  linitation  Include  pro¬ 
tective  eoatiags  for  susceptible  jiarts  and  sealing  of  CGopazlzient  after  all 
tile  air  has  been  evacuated  froo  both  the  cgnpeortiBent  and  individual  packages. 

AlXen  Ifaidlatioo  -  Slgnlfica^  danage  to  seadcoibditttors  can  be  expected  is 
loagaetic  and  8eBtic<»diKitor  devices  only  after  prolonged  expranre.  For  pro¬ 
longed  exposure  tlnes^  Shielding  of  this  ^jrpe  of  corapcment  is  reqixired* 

Figure  7d  IMleates  the  electron  and  proton  intensity  to  be  eocountered  in 
typical  eirth  orbits. 

Kuclear  Badiation  -  Katural  space  radiation  and  neutrruis^  alpha,  beta  and 
gaora.  rays  from  prlnary  and  secradary  pover  plants  must  be  considered  la 
power  craversira  unf.<£  design  if  resistors  and  senicraditctors  are  used. 
Resistances  decrease  vith  releases  of  new  curirent  carrl^^rs  or  nay  increase 
with  production  of  new  scattering  centers. 

Shielding  and  selection  of  radlatira  -  resistant  conponents  are  nrasures 
to  be  used  to  offset  the  effects  of  nuclrar  radiation.  Semiconductors  anutt 
be  protects  from  radiation.  Reconsoended  components  to  be  used  Ixielude; 
eeranle  and  aubminlature  tubes;  ceramic,  glass  and  mica  capacitors;  wire- 
wound  resistors,  ceragle  and  other  organic  Insulators  and  glass-bonded 
mica  connectors. 

ETTVIROKMERT  (UtPOCEP)' 

Mechanical  Vibration  -  Power  conversion  units  designed  for  space  vehicles  with 
boost  glide,  lew  orbit  flight  profile,  or  restart  capabilities  may  be  sub¬ 
jected  to  frictional  or  combustion  vibration  problems.  Otherwise,  except  for 
the  launch  environment  no  serious  electrical  cr  mechanical  design  problems 
axe  contemplated. 

Methods  which  will  aid  in  overcoming  mechanical  vibration  Include  sped 
fying  the  use  of  module  type  of  packaging,  particularly  the  solid  or  potted 
types,  selection  of  e;iuifinent  with  high  mass -area  and  high  stiffness-mars 
ratios,  requiring  all  free  space  in  packages  be  filled  with  foam  or  denser 
rmterials,  and  requiring  that  all  suspension  ooxmts  be  of  the  isoelastlc 
type. 


Acoustic  Vibratira  -  Fluctuating  sound  pressure  fields  generated  by  rocket 
engines  during  the  launch  boost  phase  are  of  primary  concern  to  designers 
of  electronic  cemsponents  and  other  equlpnent  for  space  vehicles.  Of 


Figure  73*  ELectrcxi  ani  Protcaa  Intensity  with  lypical  Esath  Orbits 
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Beeoa&Kry  SiBpoaetao&e  is  bcmii&sxy-layer  ttirbulecee.  Aeoostle  stresses,  vhleh 
woiiM  oeenr  (Siljr  is  ejceeptlcaial  c&ses  in  speee,  never  approacb  the 
intoositgr  of  tOMse  in  tb»  hocst  phase. 

Sobs  of  tliB  aversge  sound  levels  eoesMmly  associated  with  apoeo  vdiiele 
laaneliM  an: 


1.  Bf^load  and  aK^'Cone  electronics  of  ballistic  oissiles  and 
hOMt«rs,  dh. 

2.  Booster  cosqpar^iBit  and  pods  at  sides  of  booster,  l6$  db. 

Generally  the  sane  design  methods  used  to  dampen  mechanleal  vitoation 
ai^ply  flui  countermeasures  for  elizainatlng  acoustic  vibration. 

Acceleration  >  A  potent  thr«it  to  suspei^ed  units  and  elaoents  during  the 
launch  and  boost  period  are  farces  resulting  fron  acceleraticm.  Mhjar 
smrees  of  si^talned  acceleration  for  these  converter  tmits  is  booster 
px^pulsicm  daring  launch. 

Predicted  sustained  launch  and  boost  auscelerations  for  space  vehicles 
are  8  to  100  g's. 

Bere  again  measures  taken  to  alleviate  vibration  problems  viU  provide 
good  sOluticsis  fcnr  accelerati^  problems.  In  general,  substitution  of  solid 
devices  and  coaponents  for  those  in  which  dynamic  lalance  or  orientation  is 
critical  viU  solve  the  problms. 

Temperature  -  The  main  induced  thermal  stresses  affecting  ccmiponents  in 
space  vehicles  are  self -generated  heat,  frictional  heating,  and  internal 
gradients.  Damage  to  exponents  and  materials  can  also  occur  due  to  thermal 
shock  at  temperatures  lever  than  the  600^F  limited  to  the  best  items  now 
available.  Another  formidable  problem  is  posed  by  the  internal  heat  expected 
from  vehicles  with  nuclear  engines.  Design  will  Involve  considerable  effort 
on  radiation  and  ecmduction  heat  sinks  since  they  are  the  most  practical 
methods  of  heat  transfer  in  space. 

Shock  -  3be  problem  posed  here,  similar  to  that  noted  previously  for  mechani¬ 
cal  and  acoustic  vibration,  is  one  of  severe  stresses  which  occurs  only 
during  the  laimch  and  boost  phase,  niie  difference  between  shock  and  vibra¬ 
tion  Is  one  of  degree.  Shock  can  occur  as  abrupt  chan~e  in  matinitude  or 
direction  of  velocity  or  in  previously  steady  applied  force.  Levels  at 
which  it  will  occur  depend  on  the  type  of  veliicle  flight  profile  and  condi¬ 
tion  and  methods  of  packaging.  Shock  level  of  25  to  50  g's  can  be  expected 
with  booster  separation  raising  this  to  200  g's  for  one  to  two  mllllseconda. 
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Radlatioa  ecKSliiig  of  iz^vidual  eoetipoiiaits  has  teen  eliodLiAti^  from 
cOTsideratlon  for  ptimry  cooling  l^cause  of  the  hl^  ratio  of  area 
necessary  to  dissipate  the  heat  directly  to  the  total  exposed  surface  area. 
Katui^  cmmKstioQ  Is  autcsatically  ellBlnatc^  frca  consideratioo  due  to 
the  sero<^«eiriiroiai«it« 

Conductive  cooling  is  considered  for  each  of  the  converter  and  genera* 
tor  units  and  the  sechanieal  designs  have  proceeded  vith  this  in  Bind.  3be 
hasic  conduction  equation 

4  *  KA  At 
L 

indicates  the  prerequisites  of  efficient  heat  transfer  (large  2hese 

prerequisites  are: 

1.  Select Icsi  of  mterlal  vith  high  thenoal  conductivity,  K« 

2.  Adequate  cross-sectional  area  of  heat  floir,  A. 

3.  Miniums  heat  transfer  path,  L. 

Ihe  choice  of  isaterial  is  limited  to  a  fev  of  the  better  conductors 
that  have  reasonable  weights.  The  cross-sectional  area  is  directly  pro¬ 
portional  to  the  velght  of  the  conductor  and  this  helps  in  determining  this 
limitation.  The  heat  transfer  path  length,  L,  that  the  heat  must  truvel 
thus  becomes  a  critical  parameter  in  evaluating  the  success  of  conduction 
as  the  predominant  mode  of  heat  transfer.  Emidiasis  will  be  placed  on  high- 
density  packaging  within  the  limits  of  electrical  separation  and  ccsapcaient 
replaceablllty  while  maintaining  full  flexibility  and  reliability. 

Figure  79  Is  part  of  the  thermal  analysis  work  acccraplished  during  the 
study  and  shows  the  weight  of  the  cooling  system  (radiator,  fluid,  pumps 
and  piping)  in  Ibs/lW  of  heat  radiated  to  maintain  different  system  opera¬ 
ting  temperatures. 

Figure  80  shows  a  typical  cooling  system  used  for  space  applications 
and  Is  representative  of  the  system  considered  for  each  of  the  converter 
systems  plus  the  high-frequency  generator  concept.  It  consists  of  pumps, 
piping,  cooling  fluid,  and  a  radiator.  The  major  weight  producing  compcxient 
of  the  cooling  system  Is  the  space  radiator.  In  considering  the  desl^  of 
a  mlninmm  weight  radiator,  simultaneous  consideration  of  many  factors  Is 
required.  These  include  a  variety  of  heat  transfer  problems,  meteoroid 
protection,  and  radiator  geometry  effects.  Figure  shows  acme  aspects 
of  the  radiator  design  considered  in  arriving  at  a  total  system  weight  for 
the  converter  concepts  and  the  high-frequency  generator.  S<HDe  of  the  basic 
assumptions  are  listed.  A  copper  coating  was  assumed  to  be  used  to  dis¬ 
tribute  the  heat  evenly  between  the  tubes.  Tlie  odd  shape  of  the  meteorite 
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Figure  7^*  Analysis  of  Cooling  System  height  Vs  System 
Operating  Tempera turn 
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Figure  80.  Topical  Space  Cooling  Syateat 
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Fipure  81,  Space  Radiator  Technique 
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Bxwxxr  irotaeticn  a  constazit  toiekness  of  hmx  exebai^er  nateriai  aa 

pniti^tiaa  flor  tlw  tiibea  ecsttalnlQg  tiie  coolaot,  r^sardtess  tlw  dlreetlcii 
of  an  aataorita  parttela* 

JSm  aalor  tauetar  in  detemlnlng  the  size,  and  therefore,  weig^  of  a 
space  xii^iiator  is  tibe  ecx^iaot  outlet  tesperature.  figure  &Sl  shows  how  the 
radiator  arm  per  Klf  of  h^t  radiated  varies  with  coolaat  cmtlet  teapexa* 
^xre.  lisr  using  Om  fact  that  radiate  veii^t  is  directly,  prqportiooal  to 
its  size  and  tb^  adding  the  vei^  of  fluid,  puapi,  and  piping,  the  curve 
ia  Fi£^xre  79  vas  obtained^  It  sboirs  the  variation  in  total  eoolijiig  systea 
weight  with  chsngss  in  coolant  outlet  tenperature.  Ihis  particular  curve 
is  l»sed  a;  the  use  of  0S>I2li-  (Folypbcnol  Ether)  as  the  cooling  fluid*  A 
seeoid  eurva  was  added  to  show  the  cooling  systra  weight  vhea  a  li^^htweii^, 
atiniausi  neteorite  protection  radiator  was  used.  Ihe  weight  of  the  heavier 
cooling  aystoa  has  heoa  used  in  all  the  analyses  of  ^lis  study  because  of 
a  desire  to  he  vexy  reaJListie  as  far  as  the  cooling  listen  weight  p^salty 
is  eoneemed.  Dhe  triads  in  each  ease  are  the  sasw. 

^  taking  eonvwrter  syst^  weiih^  And  dividing  it  by  the  cemverter 
systen  losses,  a  welght/XW  figure  is  obtained*  The  cooling  nystea 
wei^t/RW  ^  froa  Figure  79  and  the  eemverter  systea  welght/Klf  are 
added  mid  then  aultiplled  hy 


*1* 

KW  ^  where  ^  t  is  the  e<mverter  systas  efficiency  at  each  tasperature. 

Ibis  gives  the  total  syst^  weight  as  a  funetiaa  of  taoperature*  Ihe  weight/ 
Ktt  yoA  and  weight/KH  ^  flguxus  are  computed  so  tluit  a  transistor  lystan 
operating  at  and  a  motor-generator  systas  operating  at  800^  can  be 

canpared  m  an  eqml  basis.  Sjysteo  weight  versus  temperature  results  for 
the  three  eemverter  syttma  are  compared  in  the  Sunnary  Section  at  the 
beginning  of  the  report.  Curves  shoving  the  total  system  welght/KV  ^  as 
a  function  of  temperature  for  ^ch  frequency  are  included  individual 
sectiem. 

ANALYSIS  OF  POSSIBLE  COOLAHTS 

Coolants  have  been  considered  for  several  temperature  ranges  -  0®  to 
200°C,  2CX)®C  to  500®C,  and  over  500®C.  A  comparison  of  coolant  properties 
was  made  in  these  three  temperatiue  ranges  and  is  shown  in  the  tables 
which  follow. 

Table  21  lists  coolants  coneldered  in  this  study^  along  with  some  of 
their  general  properties.  Studies  were  limited  to  lli^uid  coolants  since 
gaseous  coolants  for  large  power  systems  rei^ulre  bulky  transport  systems 
with  resulting  grater  system  weight.  Among  organic  coolants  the  Coolanols, 
Aroclors,  okydrauls,  and  Pydrauls  were  rejected  because  of  their  poor  radia¬ 
tion  resistance.  FC-75  (fXuoro-chemical),  water,  and  a  water -ethylene 
glycol  solutiem  were  rejected  because  of  their  lew  boiling  points.  Ibese 
coolants  would  require  a  high  pressure  system  a:  temperatures  near  200^. 
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Fig\u*e  82.  Analysis  of  Radiator 
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Uitts  far,  hive  shoim  tbe  best  radlatim  resistant  of  mrganle 
eoolauits.  Only  sonolsoprophyl  biphenyl  (KIEB)  sod  dlisopropyl  biplieayl 
(OZSS)  have  eeffleieiitly  loir  melting  points  to  be  flitUl  in  the  0%  to  20(fiC 
xange.  MIFB  was  chosen  as  a  typical  coolant  for  further  consideration  la 
this  t^pemt'Jire  xangt. 

In  the  200^0  to  500^  temperature  range  only  (^-124,  among  the  ozganie 
coolants  considered,  has  sufficient  thermal  stability  aM  a  sufftcienUy 
high  boiling  point  for  use  to  500^0  vithout  xmdue  pressurisatlon.  (^ISll 
is  a  aixed'lsomeric  polyi^enyl  ether  vith  tbe  best  thermal  stability  and 
widest  fluid  temperature  range  of  any  organic  coolant*  Ihe  lifoid  mstal 
eutectic  soluticm  of  sodium  and  potassium  (HaK)  was  also  ccmsidered  foe 
use  in  this  temperature  range* 

Above  ^OO^C  the  cmly  coolant  given  serious  ecnslderati^  was  eutectic 
KaK.  It  is  possible  to  use  OS-124  at  temperatures  near  600^  foe  short 
periods  of  time,  but  BaK  is  a  better  candidate  as  a  coolant  for  toapezm- 
tiures  above  500”C.  Liquid  sodium  has  much  better  cooling  properties  than 
eutectic  but  the  eutectic  has  a  wider  fluid  temperature  ran^^. 

Other  organic  coolants  are  being  developed  which  will  have  better  pro¬ 
perties  than  MIE3  or  OS-124,  but  Information  is  limited  and  mostly  umvail- 
able*  Organic  coolant  characteristics  are  shown  In  l^ble  22  wlt;b  other 
inorganic  coolants  shewn  in  dhble  23* 

Ohble  22  shows  a  variation  in  specific  heat  of  two  to  one  for  the 
organic  coolants  over  the  temperat\ire  range  of  0°  to  1,000^.  iLiorganie 
coolants  have  considerably  less  variation  as  shown  in  !Ihol«  23  •  For 
analysis  purposes,  the  following  specific  heats  are  u:ued  in  tnls  study: 


MIFB 

0.464  BTO/IB  -  F  at  200^^ 

OS-124 

0*5  BTU/IB  -  F  et  ?/h>F 

Eutectic  NaX 

0.21  BTO/IS  -  F  at  750OF 

Each  is  asstmied  constant  so  that  charts  showing  the  develofment  of  fluid 
flow  rate  versus  temperatiure  rise  for  tbe  coolants  nay  be  developed* 
These  curves  are  formulated  from  the  basic  heat  flow  eqmtioa: 

<4  -  W^C  A  T- 
*  p  r 


where 

Q  =  heat  absorbed  by  a  fluid 
=  fluid  flow  rate 
Cp  =  specific  heat  of  fluid 
=  temperature  rise  of  fluid 
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TABUB^ 

PROPERTIES  OF  IIOHOAaiC  COOLABTS 


DEBSXT7 

(#  per  cu.  ft.) 

SFECZFXC 

HEAT 

{BTa/#lF) 

TSEfSttL 

C01S)IICH?Zff7 

(BTU/for.^.-F) 

— wg 

NA 

KaK* 

NA 

NaK 

NA  . 

0 

32 

m 

0.238 

m 

100 

212 

57.9 

52.9 

m 

i>9.n 

14.1 

104 

219 

m 

• 

m 

m 

m 

m 

170 

3^^ 

- 

- 

- 

m 

m 

m 

200 

392 

- 

- 

0.3200 

0.217 

47.10 

m 

250 

482 

55.6 

50,6 

- 

m 

m 

572 

. 

m 

m 

- 

•13.76 

m 

400 

752 

53.3 

48.4 

0.3055 

0.210  . 

41.15 

15.4 

932 

. 

m 

. 

38.61 

m 

550 

1022 

51.0 

46.1 

m 

m 

«i 

m 

600 

1112 

. 

m 

0.2998 

0.209 

«» 

m 

700 

1292 

48.7 

‘»3.9 

•• 

m 

m 

800 

1472 

0.3030 

0.213 

m 

m 

lZ  - . - . - . -  . . 1 

OTHER  DATA 

HA 

NaX 

Melting  Point  (f) 

208 

12 

Boiling  Point  (F)  at  76O  isi  of  Hg, 

1621 

•Ak3 

»NaK  -  Eutectic  Solution  (22%  NA,  78%K) 


Data  fr<»i  Reactor  Handbook,  Volune  2-Bngineering;  Che^l>t&r  2-2,  !ftible  2*2»1, 
Pages  256  and  2^7;  declassified  edition  published  by  Technical  Inforaatioa 
Service  of  United  States,  AEG,  May,  1955* 
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Assiaing  tlie  hmt  flat  aad  ftpeclfic  heat  constant,  tiw  varlatlaa  of 
taspewtiire  rise  with  fluid  flow  aay  he  plotted  as  a  log^ithmic  curve  or 
as  a  straii^  line  curve  on  Ic^-log  paper.  Figure  83  is  a  fluid>flaif*xate 
v«srsini  fluid-teapezature-rise  for  various  values  of  heat  flow  for 
Fctai  this  curve,  when  the  required  heat  rejecti(»i  of  any  cotspcuieat  is  Isaam, 
tte  eoshimtiOQS  of  pcwsihle  coolant  flow  and  teaperature  rise  nay  he 
quickly  and  «uii2y  detemined. 


ttm  fi^veetion  teisperature  drop  across  the  boundary  la^er  fila  hetve«:i 
a  Imted  surface  and  the  coolant  is  also  Important.  Expressiois  for  tills 
drop  axe  derived  from  a  sliailar  heat  flow  expression; 


4 


V. 


where 


At, 

def  juing  Q 
4 


convection  film  eoefflcleirt 

convective  surface  area 

teaperature  drop  through  convection  film 

Q/A  ,  the  above  equation  becomes 
8 

•■e  A*, 
c  e 


If  ncsibolling,  turbulent  forcedHionvectioa  of  organic  liquid  coolants  In  a 
cylindrical  ccmdult  is  assumed,  the  film  coefficient  (h^J  may  be  determined 
from  the  expression: 


where 


»/• 

0,023 

0  r 

«/« 

m 

Husgelts'  nanber  »  — g— 

% 

s 

Reynolds*  nianber  «  DO 

“TCI — 

m 

c  ^ 

Prandtl  numbex'  »  P' 

k 

s 

film  heat  transfer  coefficient 

D 

« 

conduit  diameter 

k 

m 

fluid  thermal  conductivity 

a 

m 

fluid  mass  velocity  W^./  {n  D^/k) 

/* 

» 

fluid  viscosity  (absolute) 

% 

m 

fluid  specific  heat 
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Figure  83 •  Fluid  Flew  Rate  vs.  Fluid  Tensperature  Rise  of  0S»12b 
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the  xelaticnship  for  1 

Wrem  Jbeo^tnoliM*  maber  and  t]!»  definlticm  Q,  tlM»  dlaawter  (O)  is: 
B 


•OBJ  i  (B,)'®  (P-)"® 

5  • 


* 


Si&Btituting  for  D  In  the  eqtiatlcni  of  gives 

c 


-g— ■  ■  ■  (H^)^"®(P,)'^ 


!Bie  texos  lc«/<  ,  and  P^.  are  properties  of  the  cooling  fluid  and  are  constant 
for  a  given  type  of  fluid  and  temperature.  Defining as  a  consteuxt  idiich 
includes  ls.,/4  ,  Prp  aM  the  numerical  values  of  the  equation,  the  above  equa¬ 
tion  becooes: 

h.  .  y  (B.)^*® 

^  V. 


If  the  same  conditions  are  imposed  on  the  liquid  metal  coolants  as  imposed  on 
the  orgiuiic  coolants,  Ihisselts'  number  for  the  liquid  metals  can  likevlse  be 
obtained.  Ih  a  similar  fashlcai,  the  film  heat  transfer  coefficient  can  be 
obtained. 


TRANSF(»MSR  C00L2S0 


Secause  the  numerous  variables  in  transformer  design  are  dependent  on  a 
particular  design  and/or  application,  only  generalized  cooling  requirements 
have  been  considered.  Transformer  weight  usually  runs  about  .1  pound  per  cubic 
inch  and  convective  heat  dissipation  trcm  cooling  surfaces  IMH  normally  vary 
from  2.5  to  3*^  vatts/sq.  in.  Where  cooling  is  available  from  external  sur¬ 
faces  only,  the  overall  ^  T  between  transformer  hot  spots  and  coolant  tempera- 
tiures  is  nomally  about  200®^'*  This  may  be  reduced  to  when  the  coolant 

is  ducted  between  windings  and  directly  along  the  core  siurfaces.  For  the 
larger  units  internal  cooling  ducts  have  been  considered. 

Figure  84  represents  a  cooling  concept  for  each  of  the  large  trans- 
fozmers  considered  in  this  study.  Coolant  ducts  rise  upward  through  thm 
windings  ai^  connect  a  lower  cold-plate  reservoir  to  the  upper  cold-plate 
reservoir.  The  coolant  fluid  is  circulated  in  one  side  and  out  the  other 
side  to  remove  the  excess  heat  resulting  from  losses  in  the  transformer  core 
material  and  its  losses  in  the  conductors.  Heat  sink  material  of  both 
me*^  and  conductive  epoxy  can  be  used  to  conduct  the  heat  to  basic  structure 
and  av^  frcmi  the  transformer.  In  the  case  of  transformer  cooling,  maximum  use 
of  the  mounting  shelf  can  be  obtained  by  using  the  shelf  as  a  heat  sink. 

Ibe  need  may  arise  for  isolating  the  tninsformer  fron  the  other  systoa 
components,  if  it  operates  at  a  higher  temperature  than  the  other  ccmipcments. 
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IkSM  iaolAtloa  ^yn  be  lUi^ieved  by  beading  aa  insalating  ^MNst  of  wjlar  er 
glwNi  liter  to  Uie  It^Me  of  the  transformer  ease  to  serve  as  a  ii^t  shield. 

1»«TO80B  CTOmP 


flmnslst^rs  Junctioa  temperatixces  east  be  kept  wltMn  certain  liaits 
to  preesnt  ^iltsre  azd  ttexml  runaway*  In  a  space  en^irosna^t  tte  only 
madet  of  teat  transfer  is  radiation,  either  directly  tram  tiie  transistor  or 
froB  a  teat  sink  to  idiich  the  transistor  is  thenoally  coupled.  She  matmem 
azM  a  -teanslstor  is  fairly  s&sall  and  can  only  provide  a  few  sdUliwatts 
of  dlri^t  radiative  power  whereas  nost  high  power  transistors  must  dis> 
sifate  over  one  IniMred  watts.  !Iherefore,  the  problem  resolves  itself  Into 
SB  investigation  of  the  theraal  path  between  the  txansistor  Junctim  and 
tte  teat  site:  and  naking  the  thenaal  conductance  as  hi^  as  possible. 

fbr  tnrpa^B  of  a  cooling  analysis,  it  Is  assumed  that  all  transistors 
will  be  aronted  on  a  heat  sink  mterial  which  is  part  of  a  h^t  exchanger 
(eold-pilate).  Sheroal  design  will  consider  thercal  drop  through  el^tzleal 
Insalatlon,  allowable  junetlcn  tesperatures  of  the  transistors,  azte  internal 
heat  flow  from  each  device  vO  the  heat  exchanger.  Figure  65  shows  how  a 
typical  power  transistor  will  be  mounted  in  a  heat  sink,  tteo  therml  paths 
are  avallshle:  One  froia  the  case,  through  the  top  washer,  to  the  beac  sink 
and  tte  other  from  the  case  throng  th(^  stud  aite  nut,  throu^  the  bottoa 
washer  to  the  heat  sink.  Bota  paths  are  essentially  in  parallel. 

Tbe  net  thenaal  resistance  desirably  should  be  as  low  as  possible. 
Bawever,  it  is  often  necessary  that  tbe  transistor  be  electrically  insulated 
fren  tte  sink*  This  loeans  that  some  sort  of  device,  such  as  a  washer, 
oust  be  used  to  provide  good  thennal  conductivity  while  serving  as  an 
electrical  Insulator*  Further,  if  washers  are  to  be  used,  they  imist  have 
good  neehanlcal  properties  to  resist  cranking  when  the  nut  on  the  transistor 
is  tightened  during  mounting.  Materials  satisfying  these  specif icati<m8,  to 
d  greater  or  lesser  degree,  are  beryllium  oxide,  mica,  and  aluminum  oxide. 

Figure  86  illiistrates  the  increase  in  thermal  resistance  between  the 
tz^sistor  ease  and  the  heat  sink  in  a  vacuum  as  compared  with  the  resistance 
in  air.  In  a  vacuum  the  only  mode  of  heat  f3.ow  between  the  surfaces  is  con¬ 
duction  throu^  the  few  discrete  contatc  poi’^.cs;  in  air  there  Is  also  the 
possibility  of  heat  convection  between  the  sxirfaces  of  heat  conduction  across 
the  narrow  air  layer.  The  presence  of  a  vacuum  thus  tends  to  amplify  the 
coding  probltm. 

Tbe  Inexease  in  thennal  resistance  Is  due  to  the  fact  that  surfaces 
are  not  perfectly  smooth,  and  actually  touch  at  only  a  limited  niaaber  (rf 
points.  Tte  remainder  of  the  space  Is  nonconducting  vacu\un.  ^iables 
affecting  tte  contact  resistance  include  the  pressure  between  the  two  sur¬ 
faces,  tte  ffisoothness  of  the  surfaces,  the  materials  themselves,  and  the 
possible  addition  of  greases,  solders,  or  some  soft  materials  to  fill  the 
«apty  regicxis  between  the  surfaces.  Figiure  86  illustrates  the  effect  of 
surface  pressure  on  contact  resistance.  The  thermal  resistance  decreases 
linearly  with  surface  pressure.  The  limiting  factor  in  this  case  is  the 
amount  of  pressure  that  the  washer  can  withstand  tefore  cracking. 
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Pigiure  86,  Transistor  ^tounttng  Considerations 


figure  66  illustrates  the  effect  of  using  foils  alcog  tbe  interfaces  dT 
the  BeO  wasl^rs  in  a  vacuus  environstent  to  fill  the  void  hetveen  -tiie  l»at- 
eduction  saterials.  In  each  case,  a  foil  vasher  with  the  rase  surfiwe 
disensicms  as  the  vasher  was  placed  between  the  tram^istor  ease  and  tte 
top  waudier,  hetwera  the  top  waslusr  and  the  heat  sink,  euid  beti^n  tlM»  hottos 
Wisher  and  tto  l^t  sink.  Ibe  gra|h  shows  that  the  use  at  any  of  thtt  three 
interfause  mterials  lowered  the  thermal  resistance  frca  ease  to  h«st  sink. 
Ihdiup  foil,  however,  proved  nost  effective  and  lowered  the  thermal  resist¬ 
ance  tc  0.61  ^C/vatt,  approximately  1/6  of  its  value  without  interfile 
mterial.  Another  ii»thod  of  reducing  thermal  emtact  resistance  is  to 
solder  the  surfaces  ti^etber. 

Generator  Cooling  -  Mhny  variables  also  enter  into  the  thermal  desifpi  pro¬ 
blem  for  the  rotary  generator  and  converter  concepts,  liquid  coolant  is 
considered  in  the  cooling  system  design  at  temperatures  between  ^XPV  aM 
1,100®P.  Stator  cooling  will  be  provided  by  ducts  in  the  outer  perljheiy. 
This  system  places  the  cooling  fluid  adjacent  to  the  iron  hot  spots,  fhe 
iron  surface  temperature  referred  to  in  the  data  tables  is  the  temperature 
of  the  iron  adjacent  to  the  cooling  fluid.  The  cooling  fluid  temperaturo 
will  be  less  than  the  surface  iron  t^perature  by  an  amount  depending  on 
the  coolant  used  in  the  system  and  the  fluid  flow  rate  in  the  ducts. 
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Sbe  fkvq^HBieies  coosldered  for  tMs  stuSy  vere  50  to  200  SC  for  tiie  high 
g»m«tor  and  50  to  ^  SC  for  tiie  frc^ueocy  converter  vnite. 
Average  coolant  toiperatares  used  In  tJtM  design  etudes  were  in  tlie  200  to 
1^100^  raage*  Mijor  determinants  in  the  seiectdoo  of  aagnetic  mterials  for 
ttoM  conditloiis  are  the  core  aid  other  leases  at  tl»  design  freqnat^y  and 
opezatliig  teeperatnre,  usahle  flux  density  at  desi^  taiperatureSf  and 
Curie  point.  Asprots  of  these  deterotnasts  will  tm  di«m8«d  in  tbM»  section 
which  fKdJLows  wi^  specific  aaterials  to  discusmd  lat^  in  tide  section. 

Flax  Benaity 

Se  sii»  of  an  electronagnetic  device  is  directly  related  to  the  aUov* 
able  flux  density  of  its  nagnetie  material.  A  aagnetic  material  my  lave 
saall  core  losses,  hut  due  to  its  low  mturatioo.  flux  density,  a  very  lar^ 
volOMi  ct  aaterial  may  be  required  to  generate  appreciable  voltages.  On  the 
otiier  hand,  a  magnetic  mterial  may  have  a  very  hi^  saturation  flux  density, 
but  Its  coore  losses  xaay  be  prohibitively  high.  As  an  example,  molyperaalloy 
powdered  cores  luve  low  core  losses,  but  can  carry  only  about  4,000  gauss  of 
flux  while  oriented  silicon  steel  laminations  have  kicb  higher  core  losses, 
but  mn  carry  about  16,000  gauss  without  reaching  saturation.  It  can, 
therefore,  be  seen  that  reducing  tt«  flux  density  in  a  design  in  oaeder  to 
reduce  the  core  Ims  or  to  make  possible  the  use  of  a  material  having  lower 
losses  Bay  result  in  significant  weight  Increases  for  a  given  power  level 
and  freqaemy.  2he  vide  range  of  maximtra  flux  densities  for  various  ma^ietle 
materials  is  shown  on  Figure  87* 

At  power  frequencies  the  designer  would  ordinarily  choose  that  material 
which  provides  the  highest  flux  density,  since  less  iron  and  copper  are 
required  and  light  weight  can  be  achieved  at  high  efficiencies.  The  effici¬ 
encies  are  high  at  power  frequencies  because  the  core  losses  are  small 
eoopared  with  the  total  power  output  of  the  device. 

A  survey  was  made  of  the  maximum  flux  density  of  various  low-loss 
magnetio  materials  over  the  100  to  800^  range.  The  results  of  this  survey 
are  shown  in  Figure  67.  As  can  be  seen  In  this  figure,  there  is  a  de¬ 
creasing  saximum  flux  density  in  going  to  high  t^aperature  opezutlon. 
Oriented-sillcon  steels  are  best  for  flux  capability  with  low-loss  ferrites 
being  extremly  temperature  limited. 

Losses  in  Ferromagnetic  feterlals 

The  core  loss  in  a  ma;;netic  core  is  ccnnmonly  divided  Into  the  eddy 
ciirrent  loss,  the  hysteresis  loss,  and  the  residual  loss.  Eddy  current 
losses  are  Induced  by  varying  mgnetlc  fields  in  ferrcxnagnetlc  materials 
(which  are  generally  good  conductors).  On  the  other  hand,  hysteresis 
losses  are  due  to  the  fact  that  all  of  the  energy  stored  in  a  aagnetic 
material  is  not  returned  to  the  circuit  when  the  field  is  collapsed.  Bart 
of  this  energy  is  converted  Into  heat  in  the  .rocess  of  aligning  the  dcmsalns 
in  the  fexTomagnctlc  material.  If  the  aigr.etisation  is  carried  through  a 


ecaj^lite  eyeXe  of  a  aa^tetocsotive  icrce,  xr.e  hysteresis  loss  is  proporti<aial 
to  tibe  axM  csiclosed  ^  the  fasdliar  3*H  loop.  Comparative  B>3  IcK}ps  for 
OartlKXial^  ltd  AUogr^  euid  SS&  80  are  shoim  in  Figure  dS.  It  can  be  seen  from 
a  e<sqp8riaoii  of  areas  covered  by  loops  of  these  materials  that  WOtO 
do  has  the  louest  0C  hysteresis  loss.  HIHI  cO  retains  this  s^vmtage  at 
high  ftre^tMS^ies  sui  well. 

All  ferrooagi^tic  mterial  losses  that  cannot  be  attributed  to  eitlMir 
eddy  earrent  or  hysteresis  losses  axe  classified  as  residiial  losses.  Ibe 
origin  of  these  residual  losses  is  not  ccmpletely  >aioun,  but  they  axe 
associate  with  such  phenoa^na  as  dcmain  wall  relaxation  and  dcmiu  vail 
reeooaace. 


Eves  at  lov  flux  density  applications,  the  residml  losses  contribute 
a  large  portion  of  the  total  core  losses  In  ferrite  loaterials.  ^e  rapid 
increase  of  residual  losses  vlth  frequency  as  the  ferrcm^netlc  resonance 
is  approached,  results  in  an  effective  upper  frequency  limit  for  any  given 

ferrite  oaterlal. 


Ibe  calculated  pouer  loss  in  ferromagnetic  core  subject  to  an  alter¬ 
nating  BBgnetizing  force  is  the  sum  of  the  hysteresis  and  the  eddy  cuxrent 
losses.  This  pover  loss  can  he  vritten: 


vhere 


h 

f 


B 


hysteresis  loss  +  eddy  current  loss 


max  » 


X 


hysteresis  loss  coefficient 
frequency  in  cycles  per  second 
maximum  flux  density  in  gausses 
hysteresis  loss  expment 
thickness  of  core  Laminations  in  mils 


r  a  resistivity  in  riticrohm-centimeters 


It  can  be  seen  from  this  eqiutiou  that  the  eddy  current  loss  can  be 
reauced  by  reducing  the  thickness  of  the  material  or  by  going  to  a  material 
having  a  higher  resistivity.  Figiire  89  shows  the  effect  of  increasing  the 
silicon  content  of  electric  steels  on  core  loss,  resisolvlty,  aM  coercive 
force.  The  reduction  in  core  loss  is  seen  to  be  proportional  to  the  silicon 
content.  Ibe  hysteresis  loss  which  is  proportional  to  the  ccercive  force. 

Is  also  reduced  by  the  increased  silicon  content. 


As  shown  in  the  first  term  of  P^,  the  2iysteresis  Ic  ,3  shoiild  not  vary 
vlth  thickness,  but  actually  this  loss  does  vary  to  some  extent  due  to 
differences  in  processing  treatments.  Also,  the  eddy  current  losses  for  a 
given  grade  do  not  vary  exactly  as  the  square  of  th  hicknoss  in  the 
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Flgurt  88«  l^teresis  Loops 


of  Various  Magnetic  .’dateriala 
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Figure  89*  ?ariation  of  Hiysical  and  Magnetic  Properties  of 
Electrical  Cteels 
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thinner  gAgea,  hut  better  agreeoent  vith  the  eddy  ewrr&xt  term  above  ia  bad 
la  the  thicker  gagea,  The  effect  of  grain  size  and  bouadazy  conditions  and 
lainor  thickness  variations  as  veil  as  slig^  differences  in  slliecn  contcmt 
are  amc^  tito  major  factors  causing  this  discrepancy. 

The  hysteresis  loss  is  shovn  by  the  first  term  to  Incr^ise  linearly 
viti  freqtency  vhile  the  eddy  current  loss  increa^s  as  tto  sqtmkre  of  tl^ 
frequency.  As  a  result,  although  the  hysteresis  and  eddy  current  losses 
are  of  tl^  same  order  of  magnittide  at  ^  cycles  per  second,  the  eddy  cur- 
rents  at  high  frequencies  are  the  major  factor  in  determining  the  core  loss. 
It  is  interesting  to  note  that  increasing  temperatxire  results  in  a  small 
reduction  in  hysteresis  lc»s.  This  is  due  to  tbe  fact  that  the  saturation 
flux  density  and  the  coercive  force  are  reduced  as  the  temperature  goes  up. 
In  the  audio  frequency  range  (500  to  15,000  cps)  both  the  hysteresis  and 
eddy  current  compcHients  of  core  loss  become  important  and  moderate  ma^gnetic 
flux  density  is  required  to  reduce  losses. 

Above  the  audio  frequency  range,  hovever,  the  eddy  current  component 
of  the  core  loss  becc»oes  of  primary  importance  not  only  to  reduce  core 
losses,  but  also  to  reduce  the  skin  effect  produced  by  eddy  current  shield¬ 
ing.  Since  the  flux  density  In  the  ferromagnetic  material  is  usually  re¬ 
latively  large,  and  since  the  resistivity  of  ordinary  electric  steels  it 
not  extremely  high,  the  induced  eddy  currents  may  become  appreciable  if 
means  to  minimize  them  are  not  taken.  T3ie  eddy  current  loss  in  this  case 
is  of  considerable  importance  in  determining  the  efficiency,  the  temperature 
rise,  and  hence  the  rating  of  the  electromagnetic  device. 

In  addition  to  creating  heat  losses  in  the  mgnetic  material,  eddy 
currents  screen  or  shield  the  individual  sheets  of  magnetic  material  froa 
the  magnetic  flux,  and  bring  about  a  higher  flux  density  near  the  center 
of  the  lamination  than  at  the  surface.  The  total  flux  tends  to  be  cr ended 
towards  the  center  of  the  laminations,  and  the  effective  cross-sectional 
area  of  the  magnetic  material  is  reduced. 

Core  Loss  Versus  Frequency 

Ihe  effect  of  operating  frequency  on  core  loss  is  shewn  in  Figure  90. 

It  can  be  seen  here  that  the  use  of  conventloiia]  oriented  silicon  steel 
mterial  would  result  in  compiratively  high  losses  at  200  KC  unless 
extremely  thin  laminations  are  used.  The  superiority  of  HYKC  80  is  evident 
in  these  figures  with  respect  to  other  low-loss  materials.  If  thin  steel 
laminations  were  used,  the  core  losses  could  he  reduced  to  levels  apjaroach- 
ing  that  of  the  ferrites  without  their  disadvantage  of  a  low  operating 
temperature  and  fliix  density  (see  also  Figure  91  )• 

l^steresls  Loss 

The  hysteresis  loss  can  be  made  small  by  the  use  of  a  material  which 
has  a  hysteresis  loop  of  small  area.  Uthox^h  these  loops  would  broaden 
out  at  higher  frequencies,  the  relative  advantage  of  HYMU  30  (and  super- 
malloy)  would  continue  to  exist  over  more  conventional  materials  si«:h  as 
kS  Alloy. 
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Figure  90«  Flux  Denaitgr  vo*  Core  Loss  for  Various  Materials 


Figure  91*  Flux  Density  vs.  Core  Loss  for  Various  Materials 
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Cof  lOM  IfKtmm  aBMPWtUgj 

Com  lOM  dttte  iof  taaptratmt  and  loir  ftoqimeiof  afaUKblo^ 
M  wot  Basil  InfSKBitioa  is  amllabls  on  oxpoetod  eoro  loMoa  in  ld|^ 
tBSpimlwtf  Iili!b«£rttotiioar  dovloos.  Trom  tht  raport  of  «  praflons  staljr 
it  it  indianttd  ^itt  tort  lotatt  at  550%  art  rtftaetd  to  al^oBt  60  par  eaot 
of  rooB  taapamtaza  mlnaa  for  varloiia  la»iiiatad  eora  ^paa*  Qiia  aaria* 
tiOB  did  not  i^ppaar  to  be  a  fuaetloo  of  flxat  dBtaitjr. 

iSfpi^  eom  loaa  ratmu  that  danalty  and  core  lots  varana 
eunva  at  loir  firagaraeiaa  and  Mub  tenperatiiraa  axa  ilMim  in  Pldoraa 
and  fba  affaet  of  taneratora  on  total  core  loaa  (inelndliig  botb  addigr 
earnBit  and  Iqratanaia  loaa)  at  1  KC  frequency  ia  aboim  in  lifora  93k»  Ss 
Stmxml,  tht  eora  loaa  for  both  EOtJ  Bo  and  attpansallay  droj^  off  ataadUy 
^tb  ineraaains  taaparatnra.  9ia  algnifleant  radnetion  in  eora  iMa  im 
going  ttm  SSSSJ  Bo  to  supenaalloy  ia  obvioua  fron  tbia  data«  but  aa  abowa 
in  figure  93il«  aaperaalloy  ia  both  taapexatura  and  flux  danaity  liaitad* 
flgara  93B  iadieataa  that  algnifloa&t  loss  reductions  art  aebiairad  by  goibg 
ftroB  tiro  nil  to  one  nil  aatarials  and  that  even  greater  radnetion  aould  be 
aebiavad  by  usiiig  1/2  oil  or  laaa  laainationa* 

Curia  Belnt 

Osra  vill  bate  to  be  exhibited  to  insure  that  operating  tanperaturas  of 
both  tranafomara  and  ganeratora  vill  not  axeaed  the  Curia  point  of  tba 
■agnatic  ■atarlala*  9^  flux  density  value  at  vbieh  magnatio  aatarials 
baeoBM  aatuxatad  daoraaaas  uatU  at  the  Curie  tamperatura>  approxlBataly 
750^  for  ailieon  steely  it  ia  totally  nonoagnatie* 

flia  range  of  smxlJBua  flux  density  for  various  oagnatie  mtarials  and 
the  oosraspondiag  Curia  points  for  those  aatarials  are  sbovn  in  Mgura  d?* 
Iba  boundarias  of  tbase  istersaotions  point  up  tba  feet  that  ineraasing 
flux  density  is  aseonpaniad  by  generally  highw  Curia  pointSt 

gear  um  omm  9mmim.msm 

Sw  iron  loss  data  used  ia  the  various  generator  designs  eovarad  ia 
this  study  is  sbovn  on  Figure  9^.  Shese  curves  represent  the  bast  astl- 
oatad  frcB  data  available  for  the  natorials  eonsidared  at  the  tisa  the 
design  caloulations  vara  perforaedt 

It  oan  be  seen  froa  this  Halted  data  that  the  use  of  sonvaational 
oriented  silicon  stasl  mterial  vould  result  in  somparativsly  high  lossus 
at  200  XO  unless  axtreiBely  thin  loffiinatioas  are  used*  ^s  superiori^ 

BSMO  80  over  other  materials  is  evident  In  these  figures  vith  raspeet  to 
other  lotf»loss  materials.  Zf  thin  laminations  are  uesdi  the  ews  losses 
can  be  rsduosd  to  levels  approaehing  that  of  the  fsrritssi 

Loos  ealoulatlons  in  this  study  have  bsen  hAKi  on  Uta  froa  thsss 
curves.  Before  dots ^ led  eonver&er  and  jentrator  designs  for  the  high* 
fre^ueney  ranges  specified  in  this  study  can  be  eomplitedi  it  vill  be 
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Figure  92,  Core  Loss  vs  Tewperature  emd  Flux  Density  for 
3-iA^  Silicon  Steel 


Figure  9h#  Iron  -oss  lata  for  3«nerator  Basigna 


neewHHxgr  to  psricm  esqperlaeits  to  det^sliio  t3m  of 
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SftZii^tlim  of  flngaetie  core  caterial  for  the  final  txaasfocaer  and 
goiusnitor  deslgae  vUl  he  based  oo  eteu^brd  deeiipi  eriterioc  with  tto  addi¬ 
tion  reyeiannwEit  of  etahilitgr  of  oa^netie  properties  in  tto  speeified 
eavtoOBBaat*  Based  ob  Curie  tespexatiares,  cobalt  alloys  aaist  be  used  if 
ea^wtie  oenpoQtato  are  to  opexate  at  the  waxtBaua  tenperatiire  of  1,500^. 
Ibr  a  ItOOO^xaBgo,  the  ehoiee  is  betveea  Upereo  27  or  Hipereo  33  vith 
Upneo  27  being  fatored.  Zf  the  aaxima  tenperature  of  transfoxB^  <q;iexa- 
tim  is  Halted  to  ljOOO?F«  oriaated-silieou-iroo  is  reconaended  as  the  best 
aaterial*  SUieon-iroi  has  been  used  In  tte  preliainary  transforaer  design 
ealeolations  with  fiZNC  80  teing  eoasidered  for  the  high-f^^ueney  output 
tvansfcraers* 


gaiBRATOR  wemvas 

&U8ing-loir  carhao.  steel 
Stator  -  HZMtl  80  or  Alloy  ^ 

Rotor  -  Bickel-mraglng  steel 

Windings  -  HlekeX  clad  copper,  or  ceramic  coated  copper 
for  high  temperatures. 

ZasulatloQ  -  Ceramic  slot  liners  or  mica  sheets  backed 
with  glass  cloth. 


OSANSPORMES  MATERIALS 


Cores  -  Slllcon-iroa  (lev  frequency) 

HIMO  So  (high  frequency) 

Windings  -  Nickel  plated  copper 

Insulation  •  Synthamica  asbestos  compound 

ROTCHl  MAONme  ’VgERIAIg 


Mschanical  strength,  as  veil  as  high  saturation  flux  density.  Is  an 
important  consideration  in  the  choice  of  magnetic  materials  for  the  generator 
rotor.  Msch£UilC8il  strength  is  of  special  impoxtance  since  the  centrifugal 
fenree  at  a  design  speed  of  24,000  rjm  is  very  high,  and  the  use  of  material 
with  a  high  yield  strength  at  the  design  temperatures  is  essential.  Ube 
vide  range  of  saturation  flux  densities  ind  yield  swrengths  for  various 
magnetic  steels  is  shown  on  Figure  j9.  As  a  general  rule,  the  harder  and 
strcaiger  the  steel,  ti*e  higher  its  coercive  force  and  the  lover  its 
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saturation  fltix  density.  It  sboiild  be  noxed^  hoveyer,  that  the  l8  nidkel- 
irars^ing  steels  (recent  de-elopnent)  have  very  hig^  saturation  flux  density 
despite  their  higher  yield  strengths* 

Since  the  mgnetizing  force  is  essentially  eonstaxct  under  eoiuitaiit 
generator  load«  solid  steel  rotors  are  reeccritended  for  use  in  this  design. 
She  matter  of  lev  eddy  current  and  hysteresis  loss  is  of  secoadazy  C(m- 
siteration  in  the  rotor*  For  this  reason,  a  survey  yas  of  coraBereial 
available  materials  having  reasonably  hlg^  yield  strengths  and  saturation 
flux  deities*  She  survey  of  materials  is  shovn  In  Figure  93,  3b  genmral, 

‘  it  can  be  raid  the  materials  having  a  high  saturation  flux  density  have  a 
relatively  loir  yield  strength,  and  materials  having  a  high  yield  8t3res^;th 
imive  a  low  raturatloi  flux  density*  Materials  having  both  a  hlg^  yield 
streng^  and  a  high  saturation  flux  density  are  limited* 

The  ELperco's  and  the  Permendurs  were  eliminated  from  consideration  in 
this  study  because  of  their  long  half-life  when  exposed  to  nuclear  radiation* 

Both  AZSl  4130  and  43^  are  low-carbon,  low-silicon  steels  tJutt  have 
found  considerahle  use  in  the  past  for  rotors*  Of  these  two  alloys,  ^3^ 
has  somewhat  higher  yield  strength  at  a  slightly  lower  saturation  flux 
density  than  4130* 

The  one  per  cent  Chromium  low-carbon  steel  looks  like  an  especially 
promising  rotor  material  since  its  yield  strength  even  in  the  annealed 
condition  high,  and  its  yield  strength  in  the  hardened  conditlcm  is 
almost  double  that  of  the  ordinary  steels  used  for  high  speed  rotors* 

Effect  of  Ambient  Temperature  on  Yield  Strength  -  In  evaluating  magnetic 
materials  on  the  basis  of  their  yield  strength,  the  effect  of  ambient  tem¬ 
perature  on  yield  strength  must  be  taken  into  consideratlra*  As  indicated 
on  Figure  96,  the  I8  per  cent  nickel -maraging  steels  have  a  very  high  yield 
strength,  but  are  useful  over  a  smaller  temperature  range  then  either  the 
low-carbon  steels  or  Westlnghouse  Nivco-lO.  Ihe  corresponding  usable  toa- 
perature-yield  strength  range  for  other  high  strength  materials  is  also 
shown  on  Figure  96, 

WUroiNG  MATERIALS 


Conductors  and  conductor  Insulation  for  the  transformer  and  generator 
windings  at  three  performance  levels,  500<^F,  1,C00°F,  and  1,'^00°F  were  ccai- 
sidered.  Several  insulations  are  available  at  T;he  Icver  levels,  but  the 
choice  is  extremely  limited  at  the  i, ^CO^F  level. 

500^  Insulates*  Conductor  3ystem  -  Copper  and  jlurTiir-um  conductors  are 
available  for  use  in  transformer  and  generators,  rcr  equal  current- 
carrying  capacity,  the  volume  of  copper  is  less  than  that  of  aliauinum. 
Aliaainum  electrical  joints  are  fabricated  more  easily  now  than  pre¬ 
viously,  and  aluminum  can  now  be  handled  quite  easily. 
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Figure  96,  Held  Stress  vs.  Tenperature  fox*  ::aj?netic  Steels 
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1«000^  BlittXatcd  C«^ttetor  Syst^  -  At  tbs  higher  taqpezmtures,  copstap 
eemmiwt  mist  bs  jaroteoted  by  a  coating  of  orLdatioii  rosistaiit  attel 
melk  M  aieksl*  caaddlng  1»>8  Om  disadvantage  of  r^bieliig  am* 
dastivitjr  of  copper^  especially  at  the  higher  frequencies.  ZBorgsais 
insulatioiis  nnst  he  eomidered  at  this  taaporature  vith  special  a^ea- 
tica  givmi  to  assenhly  of  ccmduetors  az^  InsuXaticm. 

1,5(XPf  Insulated  Conductor  System  -  Stainless  steel  cladding  or  plating 
over  copper  appears  to  he  the  most  suitable  ccsiductcnr  design  for 
Befractory  oxides  appeaur  to  be  the  only  insulations  available  for  use* 
fabrics  and  papers  will  probably  be  used  as  inter-layer  material  and  as 
vrappiz^s* 

-  Mignet  vires  intended  for  use  at  elevated  temperatures  (as  hi£^ 
aS' and  in  intense  nuclear  radiaticm  have  been  the  subject  of  much 
industry  •research.  She  discussion  which  follows  coicems  several  of  the  most 
available  magnet  vires* 

In  order  to  anintain  reasonable  conductivity^  it  is  necessary  to  employ 
copper  or  silver.  Bowever,  these  metals  must  be  protected  from  the  oxidising 
effects  of  the  atoosphere.  This  has  been  done  by  the  tise  of  nickel  cladding 
over  tlte  copper  or  silver.  This  technique  works  well  up  to  about  for 

copper.  At  hlghsr  temperatures^  nickel  can  co-diffuse  into  the  copper  re¬ 
sulting  In  loss  of  cc^uctivlty.  By  comparison,  solver  and  nickel  do  not 
exhibit  harmf»2l  eo-diflbsion  even  at  temperatures  approaching  the  melting 
point  of  the  silver.  Stainless  steel  has  also  been  used  as  a  cladding  over 
copper,  amd  Is  useful  up  to  The  size  of  the  wire  needs  conslderatlam 

in  the  choice  of  the  conductor  ccmstruction  since  diffusion  proceeds  In  equal 
thicknesses  of  layers.  Thus,  fine  vires  exhibit  marked  loss  of  conductivity 
while  large  wires  change  slowly.  Pure  copper  suffers  from  severe  oxidation 
when  expci;ed  during  high  temperature  insiilatlon  cure  cycles  and  when  exposed 
to  chlorinated  silicone  coolant  fluids. 

Hlckel  glad.  Nickel  Plated,  and  Stainless  Steel  Clad  "<flres  -  Nickel  clad  wire 
is  a  very  acceptable  material  for  use  in  stator  windings  operating  up  to  about 
90C)?]'.  Bowever,  there  are  problems  associated  with  the  use  of  nickel  plated 
wires.  The  difhislon  of  the  nickel  and  copper  can  cause  a  permanent  change 
in  the  resistance  of  the  material,  particularly  above  ^OO^c.  Coating  elonga¬ 
tion  can  also  cause  problems;  for  example,  winding  under  excessive  tension 
can  produce  a  break  In  the  coating  and  expose  the  conductor.  Nickel  plated 
wire  offers  little  protection  against  oxidation. 

Stainless  clod  copper  or  nickel  clad  copper  with  a  ceramic -silicone 
coating  is  pcstentially  useful  where  the  operating  temreratures  do  not  exceed 
750  to  640^.  Stainless  steel  clad  copper  wire  shows  unusual  DC  resistance 
stability  even  after  exposure  for  1,0CX'  hours  at  1,1CX/®F.  Ikifortmately, 
electrical  jaropertles  of  this  type  of  wire  deteriorate  rapidly  at  this 
ambient  toaperature. 

Silver  Clad  Copper  and  Silver  Wire  -  Silver  clad  copper  wire  is  unsatisfactory 
for  high  teaperatzire  use  since  silwr  will  migrate  into  the  copper  at  elevated 
tempemtures.  Silver  wire  Is  more  extensive  than  other  forms  of  wire,  but  has 
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t}»  advantage  of  good  electrical  conductivity  at  hl|^  tezspexatures^  is  ductile^ 
and  is  readily  joined  weldii^. 


Ceramic  Coated  Copper  Wire  -  Phelps  Dodge  oanxifactures  a  high  taaperature 
Bognetic  vire  knovn  as  ceramie-eze,  vhich  is  available  in  round  sizes  ttm 
Id  AMD  through  36  AS^,  This  is  a  flexible,  vindable,  abrasion  resistant 
wire  for  use  at  temperatures  up  to  650°C.  The  total  film  buildup  is  on  tl» 
order  of  O.3  to  0.7  mils  on  all  sizes  of  vire.  ^e  stax^ard  product  is  a 
72  per  cent  copper,  28  per  cent  nickel  clad  conductor  having  a  72  per  cent 
conductivity.  For  applications  about  1,000°F,  Phelps  Dodge  can  furnish  a 
20  per  cent  nickel-clad  silver  conductor  with  their  standard  ceramic-eze 
c<%iting.  Ceramic -eze  magnet  wire  has  excellent  chemical  resistance.  Acids 
and  alkalies  have  no  appreciable  effect. 

This  insulation  is  also  completely  Insoluable  in  water.  Because  the 
insulation  is  not  completely  vitreous,  water  will  be  absorbed  on  the  surface 
and  tenaciously  held.  For  this  reason  it  is  recommended  that  the  stator 
eacapsxilatlon  system  have  a  complete!}-  vitreoxxs  surface. 

Glass-Served  Copper  Wire  -  Glass -served  magnet  wire  employs  a  serving  of 
glass  fiber  impregnated  with  inorganic  binders  and  fillers.  The  insulation 
system  consists  of  nickel  plated  copper  wire  covered  with  two  layers  of 
glass  fiber.  The  composite  is  passed  through  a  suspension  of  powdered  mica 
and  a  phosphate  solution  and  fired  at  if80°F.  When  suitably  formulated,  the 
insulations  resistance  is  equivalent  to  that  of  glass-served  organic -coated 
wire. 


Another  glass-served  system  suitable  for  use  at  930®F  consists  of  two 
layers  of  glass  impregnated  with  silicone  resin.  The  silicone  provides 
strength  for  winding  and  is  subsequently  volatilized  by  heating  four  hours 
at  930®^'*  Tills  tends  to  make  the  glass  somewhat  fragile;  however,  if  It  is 
properly  supported  in  the  stator  coil,  it  can  remain  undisturbed  during 
mechanical  stress.  The  glass  serving  adds  about  eight  mils  to  the  conductor 
diameter,  and  is  compatible  witli  most  base  conductor  materials. 

^fagnet  Wire  InsilLated  with  Glass  Filer  and  Orr^anic  Bonding  A-ent  with  Dis¬ 
persed  Ceramic  Filler  -  Tne  insulation  consists  of  one  or  mox-e  servings 
bonded  with  a  varnish  in  which  ceramic  or  glass  powder  is  thorotiglily  dis¬ 
persed.  The  conductor  is  copper-core  with  an  oxidation  protective  cladd¬ 
ing.  The  varnish  is  completely  fugitive  when  heated  suffloieatly.  The 
ceramic  or  glass  filler  can  then  te  fused  or  sintered  to  improve  the  mechan¬ 
ical  and  electrical  characteristics  of  the  insulation.  Tills  type  of  wire 
has  a  thermal  rating  of  65C°C,  and  is  atrailable  in  round  sirtes  12  to  30  AWO 
with  single  or  double  servings* 

INSULATION  MATERIALS 


Transformer  and  generator  insulation  is  required  to  insulate  electrical 
circuits  from  each  other,  from  mechanical  structure,  md  from  the  magnetic 
circuits.  nVo  types  of  insulation  are  considered:  A  major  insulation  to 
provide  electrical  insulation,  and  a  minor  insulation  whose  function  is 
mainly  to  add  mechanical  8tre’'ig^ii  to  the  component. 
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the  6kdvaiitage  of  good  electrical  conductivity  at  hl|^  temperatures^  le  ductile^ 
and  is  readily  Joined  by  velding. 


Ceramic  Coated  Copper  Wire  >  Fhelps  Dodge  manufactures  a  high  taqerature 
magnetic  vlre  knoim  as  ceramic -eze,  which  is  available  in  round  sizes  tram 
Id  iCifQ  through  36  A^.  This  is  a  flexible,  windable,  abrasicsi  resistant 
wire  fear  use  at  temperatures  up  to  650°C.  The  totad  film  buildup  is  cm  the 
order  of  0.3  to  0.7  mils  on  all  sizes  of  wize.  The  standard  prodtmt  is  a 
72  per  cent  copper,  28  per  cent  nickel  clad  conductcar  having  a  72  per  c«it 
ccmductivity.  For  applications  about  1,000®?,  Fhelps  Dodge  can  fumiidi  a 
20  per  cent  nickel-clad  silver  conductor  with  their  standard  eeramic-eze 
coating.  Ceramic -eze  ziagnet  wire  has  excellent  chemical  resistance.  Acids 
and  alkalies  have  no  appreciable  effect. 

This  insulation  is  also  ccsnpletely  insoluable  in  water.  Because  'tile 
insulation  is  not  completely  •vitreous,  water  will  be  absorbed  on  the  surface 
and  tenaciously  held.  For  this  reason  it  is  recommended  that  -the  stator 
encapsulation  system  have  a  ccanpletel^'  vitreous  surface. 

Glass-Served  Copper  Wire  -  Glass-served  magnet  wire  employs  a  serving  of 
glass  fiber  impregnated  with  inorganic  binders  and  fillers.  The  lnsulatl(m 
sys'tem  consists  of  nickel  plated  copper  wire  covered  with  two  layers  of 
glass  fiber.  The  composite  is  passed  through  a  suspension  of  powdered  mica 
and  a  phosphate  solution  and  fired  at  UQ0°F,  When  sui'tably  formulated,  the 
Insulations  resistance  is  equi-valent  to  that  of  glass-served  organic -coated 
wire. 


Another  glass-ser-ved  system  suitable  for  use  at  930®?  consists  of  two 
layers  of  glass  impregnated  with  silicone  resin.  The  silicone  provides 
strength  for  winding  and  is  subsequently  volatilized  by  heating  four  hours 
at  930®P.  This  tends  to  make  the  glass  somewhat  fragile;  however,  if  it  Is 
properly  supported  in  the  s-tator  coil,  it  can  remain  •undisturbed  during 
mechanical  stress.  The  glass  serving  adds  about  eight  mils  to  the  conductor 
diameter,  and  is  compatible  witl'i  most  base  conductor  materials. 

Mignet  Wire  Insulated  with  Glass  Filer  and  Or^-anic  Bonding  Agent  with  Dis¬ 
persed  Ceramic  Filler  -  Tr.e  insulation  consists  of  one  cr  mox’e  servings 
bonded  with  a  varnish  in  which  ceramic  or  glass  pewder  is  thoroughly  dis¬ 
persed.  The  conductor  is  copper -core  with  an  oxidation  protective  cladd¬ 
ing,  Ihe  •varnish  is  completely  fugitive  when  heated  sufflnieutly.  The 
ceramic  or  glass  filler  can  then  be  fused  or  sintered  to  irrjL'rove  the  mechan¬ 
ical  and  electrical  characteristics  of  the  insulation.  This  type  of  vlre 
has  a  thermal  rating  of  650®C,  and  is  a'.'ailable  In  round  sizes  12  to  30  AWG 
with  single  or  double  servings. 

INSULATION  MATERIALS 


Transformer  and  generator  insulation  is  required  to  insulate  electrical 
circuits  from  each  other,  from  mechanicil  structure,  md  from  the  magnetic 
circuits,  !IVo  types  of  insulation  are  considered:  A  major  Insulation  to 
pro'vlde  electrical  insul'ition,  and  a  minor  insulation  whose  function  is 
mainly  to  add  mechanical  stre’:t;th  to  the  component. 


193 


tABI£ 

mmm  TE^s>£;HATlJHE  GF  TRAsmomm  xmsjoaxm 


- RDTO - 

nmmi 

MATERIAL 

MATERIAL 

39NP 

BexylHa  Oxides 

kOGO  F 

Alisiina  999^ 

35WF 

Borc»  Slllcldes 

2500  F 

Ttpersnl 

2200  F 

npersul 

2200  F 

Tipersul 

2200  F 

l^lle(»»  Silicate 
Aabestoe  Comf^cm 

2000  F 

Syntbaiiiett 

1550  F 

SlUco  Ceraale* 
SlUele  Acid 

2000  F 

IsoodLca 

1550  F 

l^ynthetle  Mica 
Ceaeat 

2000F 

Suiaorgo  Bk 

1000  F 

Zsonica 

1000  F 

Lead-Oxlde/Eorie* 
Oxide  Eateetle 

1000  F 

Saodca 

1000  P 

Steatite  at  Rl^ 
Volt 

1000  F 

Uiko|9bo8 

1000  F 

^ca«FXakes- 
Sillcoae  Bonded 

500  F 

Silicone  Mlcarta 

500  F 

Silicone 

500  F 

Teflon 

500  F 

Mlcalex 

500  F 

19’$ 


-  Sedbsg  tiie  proeesslcg  of  t^e  core  a  aagz^siira  silieal^  Sm 

tim  tteel  surface.  Much  of  the  steel  has  aa  aMitioml  phosphate 
l^ypt  coating  on  it  for  greater  insulation  strei^;th.  Qiese  coatings^ 

aitho«ie^  wry  thin,  aw  of  hlg^  resistance^  ani  axe  bard  and  abrasion  reals* 
taat.  Tbay  have  the  llxrtter  advantage  of  extreme  heat  resistance  and 
stahilit^'#  ai^  a  finootb  surface  for  hand3ing  ease. 


MtwraX  Oxide  Finish  -  Ihe  lov  loss  nagnetlc  oaterials,  such  as  supenoaUoj* 
HS!^  and  Allc^  %  are  cooiposed  of  hi^  cemtent  nickel  allOTS^  and  inter- 
laadnatloo  insulation  can  be  achieved  in  the  oxdinaxy  processing  of  thsM 
materials  in  the  form  of  a  natural  oxide  finish.  A  thin  coating  of  Sterling 
5*678  red  cow  plate  would  provide  additional  protective  material  and  reduce 
the  effect  of  aging  cm  core  loss  and  excitatl<m  current. 


Bcmding  of  Stator  Stack  laminations 

t 

Adhesives  can  be  used  to  bond  the  izltra-thin  stator  laminatlcms  together^ 
but  t}3«y  are  too  thin  for  any  other  type  of  fastening.  I3»rmo-setting  resin 
compounds  are  available  which  cxnre  without  the  application  of  pressures^  and 
which  provide  a  stremg  bemd  between  the  surfaces  while  at  the  same  tism  fcarm- 
ing  a  dielectric  layer  between  the  parts  they  bond.  A  good  example  Is 
Colisitbia  technical  Corporatlcms  i^>523  adhesive  which  is  rated  for  up  to 
350^0  application.  Ibis  material  can  be  applied  to  the  laminaticms  over  the 
oicide  or  varnish  coating  which  prov5.de  the  primary  insulating  coating. 


AnoQier  type  of  material  for  bonding  is  an  inorganic  coating-cement 
composed  essentially  of  ceramic  fiber  bonded  with  an  air  settirg  temperature 
resistant  binder.  It  can  be  applied,  as  a  paste  or  by  speay,  dip  or  brush. 
Ihe  material  has  excellent  thermal  shock  and  has  a  rated  use  temperature  of 
2,300®F. 

aicansulation  of  Stator 


!£he  stator  of  a  high-frequency  generator  will  probably  consist  of  low- 
loss  hl^  permeability  laminations  of  from  one  to  two  mils  thickness.  Dls- 
tortiem  18  undesirable  physically,  but  more  Important,  it  nilns  the  magnetic 
properties  of  the  core.  Slot  windings  must  be  rigidly  supported  in  order  to 
prevent  conductor  abrasion.  For  this  reason  the  stator  must  be  properly 
potted  and  encapsulated  in  the  housing. 

Potting  and  Embedding  Compounds 

Several  air  drying  cements  can  be  used  for  potting  and  embedding  the 
stator  at  teraperatwes  well  over  930°F.  K\ny  of  these  materials  were  ori¬ 
ginally  developed  as  high  temperature  theraal  insulations  for  furnaces  and 
thermocouples,  but  they  can  be  u.ted  to  electrically  insulate  and  protect 
stator  windings  at  high  temperatiures.  Air  drying  cements  are  quite  porous 
and  tend  to  absorb  moisture,  but  this  would  not  be  a  great  problem  in  a 
generetor  that  is  continuously  operated  at  high  temperature.  !Rie  problem 
can  be  minimized  with  a  suitable  glaze  or  cement. 


196 


staffs 


Fttiloo-Bonded  lasulatlon  Systea 


Ibe  stator  can  be  protected  a^lnst  the  high  operating  tensperattire  by 
coatli^  or  bonding  the  coils  with  an  inorganic  material  which  is  sintered 
or  bonded  into  place.  The  b<WHl  obtained  with  fusion  bcH^d  Inorg^ic 
materials  is  better  tban  that  obtained  with  other  high  temperature  materials 
and  is  most  nearly  similar  to  that  obtained  with  the  lower  t^perature 
plastics. 

A  process  developed  by  Westinghouse  Electric  ccmsists  of  the  following 
ste{«: 

1.  Coating  and/or  potting  the  components  with  a  porous  material  con¬ 
taining  r^ctive  cmnponents.  This  material  is  applied  to  tlM» 
stator  during  winding  as  an  interlayer  coating  an^or  impregnated 
into  the  winding  from  a  slurry^  or  solution. 

2.  Vhctnim  impregnating  the  stator  assembly  with  certain  glass  con- 
positlms  at  high  temperature.  Ibe  best  Impregnants  evaluated 
to  date  are  a  lead  oxide-boric  oxide  eutectic  (88FbO  -  12  BigO-) 
which  reaches  sufficient  fluidity  for  vacuum  impregnation  at^  ^ 
about  l,l60^,  and  a  lead  oxide  -  bismuth  trloxide  eutectic 

(72  PbO  -  26  Bl/jO,)  which  reaches  sufficient  fluidity  at  about 
l,250OF.  ^ 

3«  Bssit  treating  the  assembly  until  the  Impregneuit  reacts  with  the 
potting  compound  and  the  internal  inorganic  Insulatlcm.  During 
heating,  the  composltlcm  of  the  Impregnant  changes  so  as  to 
improve  the  physical  and  electrical  properties  of  the  Insulaticui 
system. 

Phelps  Dodge  has  developed  a  synthetic  mica -aluminum  i^osphate  encap¬ 
sulation  systma  that  has  performed  satisfactorily  at  temperatures  up  to 
1,200°P.  (nils  system  requires  a  vitreous  coating  to  he  applied  to  the  en- 
capsulant  in  order  to  provide  an  overglazed  surface. 

RADIATION  RESISTANCE  OP  CONVERTEIR  COMPONENTS 

The  radiation  tolerance  of  generating  system  materials  and  subconponents 
has  been  investigated  in  previous  studies.  Ihe  Investigation  was  conducted 
through  a  literature  survey  of  reported  radiation  effects  on  generating 
system  type  of  materials.  This  study  was  hampered  by  the  fact  that  most  of 
the  radiation  testing  of  electrical  components  has  utilized  standard,  off- 
the-shelf,  low  temperature  equipment.  Available  data  for  high  temperature 
equipment  is  limited. 

A  portion  of  the  radiation  resistant  material  was  derived  in  connectlcai 
with  development  of  the  HOTELEC  generating  system.  A  genered  summary  of 
this  information  is  presented  graphically  in  Figure  97#  and  an  expemded  dis¬ 
cussion  on  specific  materials  and  components  is  presented  in  the  sections 
which  follow. 
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MATERIALS  PRIMARILY  SEWSITIVS  TO 
IONIZATION  BY  BOTH  NEUTRONS  AND  GALffMAa 


NO  SIGNIFICANT  EFFECTS 
SOME  EFFECTS  BUT  OFTEN  USABLE 

Figure  97,  Relstive  Radiation  Tolerance  ol*  Various  ^terisls 


198 


9m»  x«salt8  of  these  studies  iMd  to  t2»  evid^t  ec^lusioo  that  exi;reas 
hig^  t«»p«rattire  eapshiXities  and  radiation  resistance  are  g^usrally  ijynoiy- 
ooas.  Am  a  class,  the  organic  or  covalent  coeipcnxnds  are  less  resistant  tiiaa 
tte  Inor^mic  icsiie  eonpounds  to  the  damaging  eff^ts  of  these 
ffi&vlrtsBi»ntal  conditions.  1!he  high  temperature  reqpaix^a^ts  of  the  poser 
e<»iv«r8ion  systoa  viU  eliminate  isost  organic  compounds  ftroa  consideration 
as  candidate  materiaJLs,  vlthout  the  added  factor  of  radiation  induced  daaac^. 
fhe  single  class  of  organic  materials  vhlcb  vlU  be  considered  is  that  of 
fluids  for  ltd)rication  and  beat  transfer. 

Stntttural  Metals  •  Experimental  evidence  to  date  indicates  that  structural 
metals  are  quite  resistant  to  nuclear  radiaticm,  althoni^  not  all  the  useful 
or  pot<mtial  alloys  suitable  for  nuclear^poifered-alr  vehicle  construction 
have  bem  adequately  Investigated.  On  the  basis  of  out>of-pile  tests,  fast 
nentrcms  in  Integrated  flux  levels  above  10l9  n/cm^  represent  -Ute  cmly  reactor 
radiation  that  can  significantly  affect  the  properties  of  ntmfissicsiable 
metals.  This  is  considerably  above  the  levels  anticipated  and  thus  no  gr^t 
probloa  is  anticipated  for  structuzal  metals. 

Neutral  effects  in  metals  have  been  studied  at  integrated  fluxes  betireea 
10^^  and  10^  n/cm^  (fast)  at  temperatures  betveen  $0  and  4i00<H;.  Such  invest!* 
gations  have  included  carbon  steels,  stainless  steels,  aluminum  allc^,  nielwl 
alloys,  cobalt  alloys,  magnesium  alleys,  titanium,  zirconium,  molybdenta, 
tungsten,  tantalum,  copper  and  beryllitzo.  Radiation  effects  in  metals  are 
analogous  to  those  of  cold  work,  but  are  less  severe  and  by  different  mechan* 
isms. 

Electrical  Sisulatlng  tfaterlals  -  Bic  failure  of  conventional  electrical  in¬ 
sulation  In  nuclear  radiation  environments  is  primarily  due  to  the  mechanical 
and  physical  deterioration  of  the  materials  rather  than  to  gross  changes  in 
their  dielectric  properties.  The  ionizing  effects  of  radiation  in  organic 
Insulators  lead  to  a  series  of  complex  chemical  reactions  vhlch  drastically 
alter  the  nature  of  the  material.  Elevated  temperature,  a  commen  adjunct  of 
a  nuclear  radiation  environment,  tends  to  advance  the  deterioration  of  organic 
materials. 

Inorganic  materials  are,  in  general,  much  more  resistant  to  radiation 
damage  than  are  organic  materials.  This  is  due  to  the  type  of  damage  vhlch 
occurs  in  the  materials.  Atomic  displacements,  vhlch  coistltute  only  a  small 
part  of  the  damage  in  organic  polyers,  account  for  nearly  all  of  the  permanent 
damage  in  inorganic  Insulators.  Ionization  and  excitation  of  atons  lead  to 
no  nev  bond  formations  so  that  the  irradiation  of  inorganic  substances  leaves 
the  material  unaltered  chemically.  Since  most  inorganic  Insulators  are  stable 
ceramic  oxides,  radiation  promotes  no  chemical  reaction  of  the  Insulation  vlth 
its  environment. 

There  is,  hovever,  a  strong  photoconductlve  effect  accompanying  the  ir¬ 
radiation  of  most  inorganic  ceramics.  A  large  part  of  the  energy  of  incident 
radiation  is  absorbed  by  electronic  excitation  and  ionization.  Although 
this  excitation  does  not  lead  to  bond  breakage  or  formation,  it  does  produce 
quasl-free  electrons  which  are  free  to  move  under*  the  influence  of  an  electri¬ 
cal  field.  Since  the  mobility  of  charge  caiTiers  in  inorganic  compounds  is 
higher  than  that  in  organic  polymers,  there  is  a  corresponding  difference  in 
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tlM  odT  ttoe  zudiati<m  Induced  pliotoctirrent.  Xtiis  effect,  hotferer, 

it  ik)t  esqpected  to  seriously  Ispar  the  usefulness  of  Inor^jte  Imralators 
1&  a  ndlatioa  flelA. 

MoBde  disi^Ae^wnts  lead  to  persianent  changes  In  inorganic  Insulators 
vliieh  are  aaalfested  as  changes  in  the  lattice  paraaieters,  density,  strwg^, 
and  eleetriad.  properties.  For  crystalline  bodies  (crystalline  fiaurts, 

Al^«,  Hg^,  etc.)  radlatlcm  bombardisent  restilts  in  lattice  expansion  and  a 
eo^spooding  decrease  in  density.  Bovever,  the  flux  levels  for  this  pheno« 
Btna  are  considerably  above  the  levels  anticipated  hy  this  prograa. 

best  experience  indicates  that  isost  cerausle  insulators,  vith  the 
notable  exeegtion  of  glass,  are  satisfactory  up  to  integrated  fast  fluxes 
of  10^  n/ar.  Since  the  damage  in  inorgauiic  insulators  is  due  prlmairily 
to  atoede  displacements,  gaxmaa  rays  are  not  expected  to  offer  much  of  a 
problCT.  It  is  true  that  the  Comptcm  electrons  produced  by  &uam  ray 
scattering  vill  cause  some  atomic  displacements,  but  experience  with  seal- 
con^hustors  indicates  that  this  damage  is  small  in  compariscm  vith  that 
caused  by  fast  neutxtms. 

Ih  addition  to  the  comparative  radiation  resistance  of  inorgaknic  Insula¬ 
tors,  ti^  possess  much  greater  temperature  stability  than  do  org^ie 
matezdals.  2h  fact,  operatlcm  at  elevated  temperatures  allovs  thermal 
Annealing  to  take  place,  which  lessens  the  amount  of  damage  suffered  by  the 
inorganic  materials. 

Effects  of  Ruclear  Radiation  on  Magnetic  I^terials  -  ^Hie  msignetic  propearties 
of  materials  have  been  measured  lii  many  nuclear  irradiation  experlmentg. 

Ihey  have,  however,  been  used  primarily  for  following  solid-state  reactions 
and  not  for  examining  the  effects  of  radiation  on  the  properties  of  nagnetle 
materials.  Although  little  informtlon  is  available  concerning  the  basic 
mechanisms  of  radiation  dsumge  in  magnetic  materials,  som  insight  may  be 
gained  frun  investigations  of  radiation  effects  in  metals,  alloys,  and  semi¬ 
conductors.  It  vmild  be  expected  that  those  properties  of  a  ferronagnetie 
material  that  are  structure  sensitive,  such  as  permeability,  remanence,  and 
coercive  force,  would  be  affected  by  radiation,  while  such  nonstructure 
senslilve  properties  as  the  saturation  magnetization  would  not  be  affected. 
Much  of  the  available  experimental  Information  confirms  the  above  statements 
and  adds  to  the  present  understanding  of  radiation  effects  on  materials  in 
general. 

Ihe  U.  S.  Naval  Ordnance  laboratory  has  studied  the  effects  of  reaustor 
irradiation  on  a  number  of  magnetic  materials  including  the  following 
classes:  Hlgh-nlckel-lron  alloys,  50  nickel-iron  alloys,  silicon  irons, 
aluminum  irons,  and  2V  Permendur.  These  materials  were  exposed  to  reactor 
flux  levels. up  to  10^7  n/cra^  (fast).  Ibe  associated  samraa  intensity 
(l  to  2  Mev)  was  approximately  3  X  107  rads,  and  the  temperatiare  was 
approximately  60®C.  The  following  magnetic  properties  of  the  laminated 
and  tapevound  cores  were  measured  before  irradiation,  during  irradiation  and 
after  Irradiation;  (l)  Normal  DC  Induction  curve  and  hysiueresls  loop, 
permeabilities,  coercive  force,  remanence,  and  m.4xinum  induction  at  a  field 
of  30  oersteds,  and  (2)  AC  induction  curves  and  dynamic  loojs  at  69  cycles 
400  cycles.  Less  measurements  at  higher  frequen  ies  were  made  <m  the 
powder  and  ferrite  cores  before  and  after  irradiation. 
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Dhe  hlj^  niekel-lrcm  alloys^  vhieh  have  the  higher  pers^hillties  and 
the  lovest  coercive  forces,  changed  the  most  upon  irradiati<si.  fhelr  hig^ 
peiTOabilities  were  drastically  lowered  and  their  low  coercive  fotrees  were 
correspondingly  raised.  The  properties  of  the  30  nictel-iron  all<M^  change 
narkedly,  hut  not  so  onich  as  thoec  of  the  high  niekeloir<»is.  Silicon  irons^ 
aluninuo  irons,  and  2V  Beroendur  cores  proved  to  he  radiation  resistant  to 
the  neutrcm  and  seama  exposures  tised,  their  changes  in  properties  being  snail 
or  negligihle.  TUhe  results  of  these  escperioents  are  summarized  in  Shble  25* 

Effects  of  Hucl^or  Radiatioo  on  Capacitors  -  The  feasibility  of  using  various 
types  of  capacitors  in  a  radiation  environnent  can  be  estimated  froa  available 
lnforsiatl<»i  of  a  general  nature.  Figure  98a  indicates  the  approxiaate  amount 
of  rs^LLatioc  that  various  capacitor  types  will  withstand  and  still  be  opeza- 
ti<mal.  Thld^  Informatim  is  not  design  data,  but  only  an  Indicaticm  of  the 
suitability  of  a  particular  type  of  capacitor. 

The  important  and  most  obvious  factor  to  c(»i8ider  in  choosing  a  capaci¬ 
tor  for  use  in  a  radiation  environment  is  the  choice  of  an  inherently 
radlatlcm-resistant  material.  Inorganic  materials,  such  as  mica,  glass, 
and  ceramics,  exhibit  the  greatest  resistance  to  radiation  induced  dama^. 
Capacitors  using  these  dielectrics  have  shown  negligible  damage  after  being 
exMsed  to  integrated  fluxes  as  great  as  lO^o  n/cm^  (fast)  and  greater  than 
10^°  n/cvr  (total)  • 

Aluminum  is  the  usxial  plate  material  for  capacitors  and  causes  little 
trouble  because  It  is  not  subject  to  radiaticm  damage  at  exposures  usuadly 
encountered  and  Ics  small  neutron  cross-section  results  In  low  residual 
activity.  Several  government  sponsored  programs  are  new  under  way  for  the 
development  of  hlgh-temperature  radlatlon-resistemt  capacitors  to  operate 
in  a  radiation  environment  and  at  temperatures  as  high  as  ^OO^C.  The 
approach  to  this  problem  is  to  use  new  dielectric  materials.  Aluminum 
oxide,  magnesium  oxide  and  boron  nitride  are  under  consideration  as  dielectric 
materials  with  boron  nitride  presently  receiving  the  most  attention. 

It  Is  necessary  to  consider  the  total  environment  under  which  the  unit 
must  operate,  that  Is,  the  Intensity  of  and  exposure  time  to  radiation, 
temperature,  humidity,  and  mechanlcad  stresses.  It  must  be  known,  at  least 
approximately,  hov  much  variation  in  capacitor  usually  is  exhibited  In  three 
ways:  (l)  Change  In  capacitance,  (2)  increase  in  dissipation  factor,  and 
(3/  decrease  In  leakage  resistance.  The  change  in  these  characteristics  at 
the  peak  radiation  levels  shown  in  Figure  9^A  may  be  sufficient  to  cause  im¬ 
proper  functiouing  of  the  unit.  For  example,  an  increase  in  leakage  current 
usually  accompanies  exposiire  to  gamma  radiation  as  the  result  of  gamma- 
induced  ionization  in  air  paths  and  in  the  dielectric  material. 

Effects  of  Nuclear  RAdiation  on  Resistive  Components  -  It  has  been  pointed 
out  that  nuclear  radiation  affects  all  components  and  materials  in  s<mie  way. 
The  type  and  extent  of  damage  observed  in  resistors  depends  upon  the 
materials  used,  the  interaction  between  materials,  and  the  appllcatlaa  of 
the  resistors.  Since  some  resistor  applications  are  more  critical  than 
others,  the  proper  selection  of  radiation-resistant  resistors  is  an 
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Figurs  98*  Radiation  Tolerance  of  Capacitors  and  Reslsttrs 
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imsosetajat  ioltiai  step  tomrd  good  design  of  tdiat  viU  fttaetlon 

vellslily  viten  exposed  to  Intimse  nuclear  fields* 

Feesnatly  amdLlsble  data  provides  a  rough  estiaate  of  the  relative 
stidiility  of  various  types  of  resistors  uMer  nuclear  radiatloa,  hut  dOM 
iu)t  provide  any  hasis  for  estlBatlrg  danage  thresholds*  !lllie  relative  radia¬ 
tion  resistaaee  of  various  types  of  fixed  resistors  in  order  of  iner«Ming 
sttwitivity'  to  radiation  is  as  fhllovs: 

1.  ytix9  vcuaid* 

2*  Hetal  fila* 

3*  Crystalline  earhon  filn* 

4*  Carbon  eonposition* 

5*  B<»roesrhon  filn* 

Mgh  and  los-tenperaturef  preeisi(m-yire«vound  resistors  and  power-type 
vire-wom^  resistors  have  been  exposed^to  radiation  up  to  approxiaately 
1  X  10^^  (nv.H  and  5  X  fast  n/ea^.  She  effects  of  radiation  on  ths 
electrical  paraaeters  of  all  types  of  fixed  vlre*voattd  Tesistors  are 
negligible*  Regardless  of  namcfaeturer  and  of  resistance  value,  tbe  wma. 
deviation  in  resistance  attributable  to  radiation  are  approxlDately  0*05 
per  cent*  Attempts  to  examlM  the  transient  effects  have  been  unsuccessful 
beotuss  the  changes  during  lrradiati(si  are  less  than  the  accuracy  of  the 
Instrument  used  for  measumoent.  Bar  charts  Illustrating  the  comparative 
ejects  of  r^ustor  radlati^  oa  various  types  of  resistors  are  shown  in 
Figure  ^* 
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RELXABILm 


A  prellMnary  stfidy  of  ccmverter  and  generator  reliability  has  beea  eoa* 
ducted  mlnly  to  indicate  relative  reliability  of  the  cca^eptual  designs  and 
indicate  areas  for  future  res^irch.  As  part  of  the  prototype  unit  design  ai^ 
prior  to  c(sistrueti<m  of  a  breadboard  unit,  converter  reliability  require- 
nents  viU  have  to  be  deteroined  and  nean-tlne-to-failuie  {tSS?)  figures  for 
i^ch  individual  conponent  of  the  converter  established.  A  systeoatie  listing 
of  each  component  must  be  made  as  part  of  a  ccmeeivable  failure  analysis.  Ik 
analyzing  ccmeelvable  failures,  all  possibilities  are  considered  and  listed, 
both  degenerative  and  catastrophic.  Ihe  mission  profile  and  eivironneat  on 
materials  and  coopcxients  are  listed  for  quick  reference  in  detezaining 
failures  induced  by  environmental  stresses,  fkilure  mechaniams-tbe  'Skhing*' 
which  causes  a  failure-must  also  be  listed  if  reliability  of  design  is  to  be 
achieved.  Oftentimes  it  is  the  most  rosote  of  failure  mechanisms  which  leads 
to  unit  failure. 

r 

Ccmsequence  of  failure  on  overall  mission  must  be  consid^ed-especlally 
performance  which  becomes  degraded  with  the  passage  of  time.  Where  failure 
of  any  type  cannot  be  tolerated,  alternate  components  operating  in  parallel 
or  redundancy  must  be  considered  in  the  original  designs.  Methods  of 
eliminating  failures  and  reducing  the  effect  of  failures  are  other  itoss  to 
be  considered  as  the  basic  design  is  formulated.  All  the  above  analysis 
must  consider  state-of-the-art  components  and  known  MEP  figures.  Where  MEP 
figures  are  not  known,  testing  to  determine  fallture  rates  will  be  required. 

Figure  99  gives  an  Indication  of  the  MEP  required  for  a  10,000  hour 
mission  and  shows  how  the  MEP  Increases  greatly  as  the  required  reliability 
Increases  and  also  a.^  mission  time  is  increased. 

Techniques  which  can  be  applied  to  achievement  of  reliability  in  con¬ 
version  systems  are: 

1.  Simplicity  of  design. 

2.  (Jse  of  perferred  components  with  component  derating  and  control 
of  ambient  environment. 

3.  Reduction  of  failiu'e  effects  by  redundancy  and  etltemate  modes. 
Reliability  of  Static  Transistor  Converters 

The  reliability  of  a  static  transistor  converter  Is  directly  dependent 
upon  the  life  of  the  Individual  translators.  Simplicity  of  design  Is  a 
necessity  for  long  life  along  with  control  of  ambient  environment  for  the 
transistors.  Derating  of  each  of  the  transistors  and  use  of  redimdant  cir¬ 
cuitry  is  planned  In  order  to  achieve  a  reasonable  converter  life.  Shield¬ 
ing  of  the  transistors  frcan  the  radiation  environment  must  be  accepted  as 
a  firm  requirement  when  SNAP  8  and  SPUR  type  power  sources  are  considered 
since  all  semiconductor  devices  are  weak  in  radiation  resistance. 

Most  life  tests  of  power  transistors  relate  reliability  to  temperature. 

It  has  been  found  that  failure  mechanisms  other  than  temperature  exist  and 
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oae  of  theee  is  called  "seccn^Uuy  breaMovn"  of  the  eoUeetcr,  or  a  e<d24ictosr- 
to«aaitter  short,  fhis  br^hdowa  Is  a  cteiracterlstie  of  coXJjtetor  ewcrmaX  aad 
voltage  wherein  the  current  is  ccuiceatrated  at  a  point  in  the  base,  and  the 
resulting  tonperature  rise  aelts  the  base.  Ihilures  occur  If  energy  per  unit 
volune  within  the  base  beccoes  excessive.  Mudaum  allmable  eoergy  is  a 
fuiusticm  of  both  current  asd  vdLtage  in  this  instate.  In  actual  iwe,  the 
collector  current  and  voltage  have  excursions  which  are  functions  of  tine, 
sui^ply  voltage,  input  signals,  loads  aad  other  variables* 

In  design  of  tlw  power  chopper  device,  consideration  nust  be  givmi  to 
these  excursions,  or  transient  surges,  as  well  as  the  st^dy-state  power 
dissipaticm  for  safe  operation  of  the  power  transistor.  She  vaxLam  steady- 
state  power  dissipation  of  the  power  transistor  aay  be  safely  exceeded  if 
l^e  excursion  tiiae  is  short.  "Safe-operating  graphs"  are  prepared  by  tran¬ 
sistor  laanufacturers  and  these  may  be  used  in  obtaining  good  reliable 
transistor  design. 

Adequate  cooling  must  be  available  at  all  times  for  each  poinnr  transistor. 
Lcxig  ccxiverter  life  then  is  dependent  also  on  design  of  the  cooling  systoa 
which  circulates  fluid  through  the  heat  sink  mounting  lOate. 

Reliability  of  Static  !flibe  Converters 

Dhe  basic  components  in  the  static  tube  converter  fall  into  the  following 
categories: 


1.  Tuibes. 

2.  Transformers. 

3.  Controls. 

k.  Resistors  and  capacitors. 

5.  Wiring. 

6.  Coolant  systas. 

7.  Structure. 

!lbe  most  vulnerable  components  in  this  type  of  converter  unit  are  the 
tubes.  Design  has  been  based  on  use  of  the  latest  in  ceramic -type  tubes 
operating  in  a  derated  mode  to  give  maximum  life.  These  ceramic  tubes  are 
rugged  in  design  with  greater  life  expectancies  than  conventional  glass  or 
metal  types.  Long  life  is  dependent  upon  proper  cooling  at  aU  times, 
protection  against  conditions  of  overvoltage  and  vibration,  and  proper 
warm-up  and  operating  conditions.  £:iput  and  output  transformers  can  be  very 
reliable  if  operated  in  a  derated  mode  and  with  proper  cooling,  3be  sane 
techniques  apply  to  resistor  and  capacitor  components  and  good  reliability 
can  be  expected.  Wire -wound  resistors  amd  capacitors  using  inorganic 
materials  are  best.  Controls  must  be  simple  In  order  to  be  reliable. 
Redundant  circuits  can  be  considered  in  this  particular  design  especially 
In  the  phase  shifter  portion  of  the  circuit.  Wiring  and  connectl<m8  aura 
important  components  of  the  converter,  although  not  usually  considered  la 
a  reliability  analysis.  Extreme  environments  of  temperature,  radlatlcm, 
and  vibration  must  be  considered  when  selection  of  conductors  Is  made. 
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e<»aiaet<a«  •ueh  as  Bj^Icel-i^ted  eojppea:  or  staiiileM 
stwA  dad  eofpar  mat  \m  tised  in  radlatlosi  and  Mf^-tqaperature  oiviroB* 
w»ls  fmr  loag  Aurallelod  pua;^  and  eoolaiit  floir  patiii  4ure  notliods 

of  tdilcvtaig  good  eoolaat  qrstai  roliabllity.  Ststietiire  rollablllty  MWt 
l»o  SidiKnaifc  in  Hho  teslo  dadgt* 
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Seotlcii  7 


iTii  snnxEBS 


HBISDREMEST  07  CORK  LOSSES 

Ln  (tealgning  the  cooverter  ejrstans  it  wee  f ^t  a  snbstaiitiil 
portioa  of  the  losses  within  each  system  osesrred  in  the  eoofMXiente  eontaiii* 
ing  mgMtie  nstexlals^  such  as  U-snsformsrs  sad  chokes^  and  nagnetie 
portions  of  the  generators.  This  is  laz^lj  a  result  of  the  hig^  frecpieMiMr 
imrolTod.  Low  frequenqr  core  loss  curves  were  develqped  f!r<»i  loioim  data  md 
extrapolated  to  the  Mi^er  freqnmeles.  These  are  shown  in  the  section  on 
^teriaOLs  unter  the  core  loss  versus  freqnenqr  discussions.  These  eurvM 
were  used  as  a  basis  for  each  of  the  converter  designs  at  ^0  KC,  100  XC, 

200  EG  and  the  800  XC  level. 

Several  important  results  and  observations  were  obtained  fron  the 
experimmxta  ccmdueted  in  this  portion  of  the  progran. 

1.  Xnmerous  core  loss  assumptions  made  in  preliadnarj  designs 
were  verified. 

2.  A  flux  density  of  2300  gauss  for  high  treqnenqy  eon  designs 
is  feasible  and  this  level  was  demonstrated  at  $00  KC,  100  KC 
and  200  KC  levels. 

3.  Ferrite  materials  are  temperature  limited  for  this  application^ 
and  even  thou^  they  have  vexy  low  loss  characteristics,  they 
can  not  be  considered  in  hi^  frequency  transformer  designs. 

It.  Core  losses  decrease  with  a  decrease  in  lamination  thickness. 

This  test  program  was  conducted  with  the  objectives  of  verifjylng  the 
original  assumed  loss  data  for  transformer  and  generator  designs.  At  the 
same  time,  an  evaluation  of  various  magnetic  materials  at  each  of  the  high 
frequencies  could  be  made.  Both  wound  cores  and  molded  cores  were  tested 
and  a  toroidal  configuration  waa  used  for  all  these  tests.  The  materials 
that  ware  tested  are  listed  as  follows  s 


7'aterial 

Number 
of  Cores 

I*lght 

(Lbs) 

0D(In.) 

Cross 

Section 

Lamin 

Thick 

SilectroR 

2 

.23 

3.0 

•5  X  .29 

1  mil 

Supermallcy 

2 

«2li 

3.0 

2.5 

*5  X 

1  mil 

1-79  Mo-Pemalloy 

2 

.238 

3.0 

2.5 

.5  X  .25 

1  ndl 

Deltamax 

2 

.22t 

3.0 

2.5 

•5  X  .25 

1  rail 

W-07  Ferrite 

2 

.10 

3.0 

2.5 

.5  X  .25 
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V’AtarUtl 

XfuadMo* 
of  COTM 

Height 

(lbs*) 

OXla*} 

atei 

Cnm 

Section 

Thidc 

IM>3  FsKTits 

1 

*16 

2.3?$ 

1*^ 

.31$z.37S 

— 

NR-60  flarrits 

2 

•10 

2*0 

1.2$ 

.yiSx.7S 

Carpsntsr  li$-5  Alley  1 

.60$ 

3.0 

2*$ 

.5  x.r 

2  mU 

COHE  JJOBS  mSBS  FBEqBBHCr 

A  stofictdon  of  CM  loos  mignitndas  for  ti»s  ▼srious  raterials  tsstsd  si 
frwiiinielss  betiieen  $0  XC  and  800  XC  Is  f omd  in  Flgnrss  100  «tid  lOOU  Ihis 
data  has  hssn  tsl»n  fron  TsKLes  26  and  27  iriiloh  ars  derivsd  data  fron  ths 
core  loss  tests*  Core  losses  were  neasored  in  the  2000  to  3000  gauss  flax 
density  range  for  each  of  the  samples  at  the  $0  KC,  100  XC  and  200  XC  lerels* 
A  limited  ou^t  of  the  oscillator  at  the  800  XC  le^  premited  achisirixig 
more  than  a  1100  to  1200  gaosa  flax  density  in  measuring  core  losses  at  ths 
800  XC  frequaooy* 

mmus  TssliED 


Specliio  cores  tested  during  the  program,  as  listed  in  a  prerLous  table, 
were  of  rarioaa  materials  generalj  used  in  transf ormer  core  desigu*  Eadi 
material  is  discussed  in  the  section  vhieh  foUom* 

Silectron  •  Silectron  cores  are  manufactored  from  a  hi^ily  grain-oriented, 
coid-rolied  grade  of  3$  Silicon  Steel*  It  has  a  high  saturation  flux  density 
and  lower  core  losses  and  exciting  Toit-an^eres  than  regular  silicon  steels* 
The  high  degree  of  orientation  obtained  in  Silectron  pemits  operation  of 
the  core  material  at  higher  induotion  levels  and  can  result  in  reduced  coa»- 
ponent  weight  and  sise*  The  cores  tested  were  tape-wound  toroids  of  1  mil 
Silectron  material  and  each  was  enclosed  in  a  xylon  case  and  impregnated  with 
grease* 

No  unusual  results  were  obtained  tvon  the  $0  XC  tests*  Both  aonples 
showed  fairly  low  losses  at  this  traqoBnof  and  at  2330  gauss  were  below  the 
saturation  level  of  the  material*  At  IC^  XC,  the  core  losses  increased  con¬ 
siderably,  but  distortion  was  not  notioed  at  the  2330  gauss  level*  At  200  XC 
the  losses  dcRd7led  in  magnitude  and  the  output  waveforms  began  to  show  dis¬ 
tortion  at  the  2000  gauss  level  as  seoi  in  Figure  102A*  The  loss  at  800  XC 
was  less  because  the  flux  density  was  lower  (the  oscillator  not  being  able 
to  furnish  sufficient  power  to  produce  more  than  approximately  600  gauss)* 

Supennallcgr 

Supermallcy  is  closely  related  to  1-79  ^fo-Permalloy  in  coii9)08ition  and 
is  one  of  the  latest  developments  in  high  permeabilily  nickel-iron  alloys* 

It  exhibits  an  extremely  low  hysteresis  loss*  Tape-wound  cores  are  used  in 
radar  pulse  transformers  and  for  low-level  magnetic  amplifiers*  The  Super- 
tnalloy  cores  tested  were  tape-wound  toroids  of  1  ndl  laminations*  They  were 
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50  KC  100  KC  200  KC 


Figure  100.  Core  Lose  va*  Frequency  for  Transforaer 
^'^terialv 
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Figuxv  lOQU  Cort  Loss  vs*  Preq\^ii07  for  Trans:^>nior 
Katerisls  Includisg  Fsrritet 
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ZABl£2<f 

PARAMEZR2C  BA3A  Of  CORE  XESXS 


MATER  lAL-SHJBCTRai 
Ssiqile  taribor 
n^eqneiiey  (KC) 

Core  Loss  {Wattm/Xb) 
Flex  Density  (Gauss) 

MATERIAL"SOPERIiAT^fflr 
Saaple  ffiaiber 
Fre^piency  (KC) 

Core  Loss  (Witts/lb) 
flux  Density  (Gauss) 

material-dekcamax 

Sample  Ifumber 
Frequency  (KC) 

Core  Loss  (Vfcitts/lb) 
Flux  Density  (Gauss) 

MATBHIAL  U.79  MO-PERMArTny 
Sample  Ifumber 
Frequency  (KC) 

Core  Loss  (Watts/lbs) 
Flux  Density  (Gauss) 


1 


50 

100 

200 

800 

83.6 

623 

963 

918 

2180 

2660 

2000 

625 

1 

50 

100 

200 

800 

84.2 

627 

1040 

962 

2120 

2240 

3360 

945 

1 

50 

100 

200 

800 

72.6 

723 

743 

608 

2147 

3480 

2810 

705 

1 

50 

100 

200 

800 

82.7 

617 

1060 

1000 

2210 

3<S8o 

3520 

1060 

2 


50 

100 

200 

800 

79.2 

505 

U50 

1000 

2055 

21^ 

1800 

587 

2 


50 

100 

200 

800 

86.3 

575 

958 

965 

2300 

2130 

3^ 

1010 

2 


50 

100 

200 

800 

98.2 

735 

786 

698 

23^ 

3425 

3260 

920 

2 


50 

100 

200 

800 

80.6 

578 

804 

975 

£432 

3220 

3400 

1100 

213 


r  v-/<'iq  ‘C>  .=  **?.’•  '*  -*^r» 


~.'>*‘><r'3}r.  - 


taeis  tt 

FARA’^ETRIC  HATk  OS  CORE  TESTS 
MA3SRIAL  MT-^O  EERRIT8  (KEARFOIT) 

Stable  Vutaber  X 


Piquancy  (KC) 

50 

100 

200 

800 

50 

100 

200 

600 

Core  loss  (Watts/lb) 

6V.2 

422 

711 

1150 

?8.7 

550 

730 

1230 

flvx  Dexa&i.^  (Gauss) 

2160 

3695 

2710 

837 

2025 

3620 

2680 

785 

MATERIAL  W-07  PERRUB  (ALUar-BRADMr) 

Saiqple  Hioriber 

1 

2 

Frequency  (KC) 

50 

100 

200 

600 

50 

100 

200 

600 

Core  Loss  (Watts/lb) 

27.2 

219 

425 

655 

31.6 

187 

325 

413 

KLux  Density  (Gauss) 

2140 

3680 

2910 

1280 

2265 

3495 

2784 

1120 

f<I^RIAL  W-03  telRITB  (ALrJ!!f-BRADTJ?yJ 

Sanq^Ie  Rbaber 

X 

Frequency  (KC) 

50 

100 

2:^0 

800 

Core  Loss  (Watts/lb) 

36,4 

274 

325 

477 

Flux  Density  (Gauss) 

2050 

3860 

2940 

887 

MTERIAL  CARPEKTEJl  ALLOT 

San5)le  Number 

1 

Frequency  (KC) 

50 

100 

200 

800 

Core  Loss  (Watts/lb) 

2615 

159 

198 

200 

Flux  Density 

2740 

2620  : 

2340  : 

aoo 

2lli 
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A  SILECTRON  200  KC 
2000  GAUSS 


B  SUPERMALLOy  200KC 
3360  GAUSS 


C  MO-PERMALLOY  200  KC 
3520  GAUSS 


D  DELTAMAX  200  KC 
2810  GAUSS 


Figure  102, 


Trensforraer  Core  Output  Voltage  WsTeforms  for  Varioue  J^terials 


ngrXoR  cased  and  tnpragnatad  with  grease. 

These  sanpies  at  $0  KC  had  approadmately  the  same  losses  at  comparable 
flux  densities  as  the  Sileotron  cores  and  jboHed  no  sign  of  satoration  at 
^0  KC.  it  100  KC>  the  output  vaveshap  began  to  show  signs  of  core  satura¬ 
tion.  Inereased  distcrtioa  was  evident  in  the  output  at  the  200  KC  level 
as  shofim  in  Figure  102B.  No  distortion  was  noticed  in  the  output  at  approxi- 
natalx  1000  gauss  and  800  KC,  but  this  was  due  to  operatiot  at  a  point  much 
below  the  saturation  level  for  this  frequency. 

b-79  ?fo-PenBallcy 

li-79  Ko-Permalloy  is  a  U%  molybdenum,  79^  nickel  -  and  irm  alley.  The 
material  is  not  grain-oriented  and  is  available  in  tapes  of  various  thick¬ 
nesses.  Specific  applications  include  cores  for  current  transformers,  pulse 
transformers,  and  wide-band  coomunication  transformers  of  mary  types.  The 
cores  tested  were  tape-wound  toroids  of  1  mil  laminated  material  and  were 
nylon  encased  and  graasa  impregnated. 

The  ^0  KC  core  loss  tests  indioated  low  losses  for  this  material  and 
no  saturation  in  the  2200  to  above  2U00  gauss  range.  At  100  KC,  the  output 
waveshape  was  distorted,  but  the  material  was  operating  much  above  the  2330 
gaizss  design  level.  (See  Figure  1C2C).  The  same  was  true  of  operation  at 
200  KC  where  the  flux  density  level  was  over  3^00  gauss,  and  the  losses  were 
correspondingly  heavier  than  at  the  100  KC  level.  The  response  of  the  14-79 
Ho-Permalloy  cores  were  quite  similar  to  the  Supermalloy  cores. 

Deltareax 

Deltamaoc  is  a  grain-oriented  ^0^  nickel-iron  alloy  having  a  rectangular 
hysteresis  loop  snd  is  ussd  in  saturable  core  reactors  and  particularly  in 
magnstio  amplifiers.  It  is  available  only  in  thin  strip  form  and  wound-core 
construotlon  is  generally  used.  Little  AC  data  has  been  published  on  this 
material.  The  cores  tested  in  this  study  were  also  tape-wound  toroids  of 
1  mil  material  and  were  nylon  encased  and  grease  impregnated. 

The  core  losses  in  Deltamax  material  followed  the  same  trends  as  in  the 
li-79  M6-Permtlloy  material.  The  major  difference  was  in  the  output  wave¬ 
shapes  (Figure  102D).  Here  the  material  demonstrates  a  much  higher  maximum 
flux  density  oharaoterlstio  and  no  distortion  was  noticeable  at  2810  gauss 
flux  level  (200  KC). 

Carpenter  Alloy 

Carpenter  is  a  niokel-chromium-iron  alloy  developed  to  natch  the 
thermal  expansion  of  certain  glasses.  This  core  san^le  was  one  available 
for  testing  from  our  own  materials  laboratory  and  was  tried  along  with  the 
other  samples.  The  material  was  a  toroid  also,  but  was  rolled  of  2  mil 
material.  The  sample  had  the  lowest  loss  of  any  of  the  cores  and  this  fact 
is  attributed  to  the  high  resistivity  of  the  alloy  material.  The 
sample  performed  well  at  flux  densities  of  over  2700  gauss  at  ?0  KC  end  over 
2300  gauss  at  200  KC.  At  200  KC,  there  appeared  to  be  only  slight  distortion 
at  the  2300  gauss  level. 
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This  is  se«n  in  Figur<j  103A.  As  l-ii  the  other  sanples,  operation  at  the  8CX3 
KC  level  was  noch  below  the  maxirrun  flux  density  level  and  also  below  the 
design  level  of  2300  gauss*  However,  obaervaticxi  of  the  output  waveshape 
showed  the  core  to  be  temperature  sensitir?-.  Output  distortion  increases 
slightly  with  increases  in  ter<?)eraturo. 

Ferrites 


All  ferrite  samples  tested  were  molded  rings*  W-O?  ferrite  (Allen 
Bradley)  is  a  low-loss  material  used  for  transformer  corei,  but  is 
erature  limited  for  this  particular  application* 

Both  sanples  tested  had  lower  losses  than  ary  of  the  tape-wound  cores 
with  the  exception  of  the  Carpenter  Alloy  material*  The  core  losses 
Increased  with  frequency  as  with  the  other  cores  and  core  saturation  vta 
not  evident  at  KC  at  a  flux  level  of  211i0  gaus:.  The  200  KC  tests  jere 

run  at  2780  gauss  and  a  slight  degree  of  saturation  was  noticeable  as  shewn 
in  Figure  103B,  On  completion  of  the  tests  with  this  material,  it  was 
noticed  that  the  cores  were  split  in  several  places  due  to  internal  heating* 
Ferrite  materials  are  peculiar  in  that  they  can  reach  extremely  high  internal 
ten?3eratures  while  the  exterior  shows  almost  no  noticeable  change*  The 
cracks  produce  air  gaps  and  necessitate  an  increase  in  excitation  current  to 
sustain  the  same  flux  density  levels  as  in  the  uncracked  cores*  The  output 
waveform  seemed  unaffected  by  the  air  gap* 

A  W-03  Ferrite  (All«ji-3radley)  was  tested,  although  only  one  sample  of 
this  material  was  available  (donated  by  the  supplier)*  Maximum  flux  density 
appeared  to  be  above  j.^OC  gauss  at  the  1CX5  KC  level  and  noticeable  distor¬ 
tion  was  present  in  the  output  waveform  at  the  200  KC  level*  (See  Figure 
103c)*  An  oscillatory  or  "ringing”  effect  was  noticeable  at  both  the  100  KC 
and  20c  KC  levels* 

M-60  Ferrite  (Keai’futt) 

?'!N-60  ferrite  is  also  a  low-loss  material  and  like  the  other  ferrites, 
it  is  temperature  limited* 

The  core  losses  Increased  with  frequency  in  these  samples  es  in  the 
others,  but  were  the  highest  of  the  ferrites  tested*  The  losses  vere  of  the 
same  magnitude  as  the  tape  wound  cores,  Hln-^lng  was  noticed  in  this  sanple 
also  as  shown  in  Figure  103D,  which  shows  a  waveshape  at  the  200  KC  level 
and  at  2680  gauss*  This  core  also  split  under  the  Influence  of  high  internal 
temperatures  resulting  from  cores  losses* 

UBORATORT  SETUP 

Two  different  laboratory  set-ups  were  used  to  obtain  the  core  loss  data. 
The  ^0  KC  test  circuit  is  shown  in  Figure  IOUa*  Figure  lOh  is  a  view  of  the 
laboratory  set-up.  This  method  for  deriving  ^0  KC  data  provides  for  direct 
reading  of  the  core  losses,  but  is  limited  to  frequencies  below  80  KC  due 
to  the  instrumentation  involved*  For  the  100  KC,  200  KC  and  800  KC  teats, 
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A  CARPENTER  ALLOY  h,$  200  KG 
2^10  GAUSS 


B  W-07  FERRITE  200  KC 
2780  GAUSS 


C  W«03  FERRITE  200  KC  ^  MN-60  FERRITE  200  KC 

29l0  G!AUSS  GAUSS 


Figure  103*  Tranatormr  Cort  Oiitpat  Vartfomo  (  Inoliidlng  Ferrites  ) 


AMMETER 


A  50  K  C  TEST  CIRCUIT 


B  100  TO  800  K  C  TEST  CIRCUIT 


Figure  iclj.  Laboratory  feet  Circuits 
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Figure  105*  Laboratory  Test  Setup  (  50  KC  Gore  Loss  Testing  ) 
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The  teet  circuit  of  Figure  IOJjB  waj  userf*  The  actual  test,  .set-up  is  rho>»n 
in  Figures  106  and  107*  A  standard  oscillator  circuit  .'nodified  for 
the  tests  and  providsd  *^00  watts  of  IF  power  to  the  core.;,  ^e  amount 
of  loss  40S  obtained  by  a  heat  substitution  nethed.  The  calorl.'seter  tempera¬ 
ture  versus  tljre  characteristics  were  first  recorded  using  a  Vnown  voltage 
level#  Each  core  was  then  placed  in  the  calcrlneter  and  the  starting  and 
final  temperatures  and  the  elapsed  time  were  recorded.  This  data  was  com¬ 
pared  with  the  calibration  curves  and  the  v  tage  loss  was  obtained. 
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TRANSISTOR  CHARACTERISTICS  IN  PARAUEL  OimHON 


It  h«8  be«n  found  that  parallel  operation  of  new  high  power  semicouductor 
devices  with  their  fast  switching  speeds  lend  themselves  quite  readily  to  high 
fraquen<7  power  conversion  applications*  In  the  past  transistors  have  not  had 
the  power  capacity  applicable  to  most  needs*  With  the  advent  of  new  devices 
their  f  easibility  has  become  more  promising*  Although  these  new  devices  have 
good  switching  characteristics  when  operated  separately^  their  operation  in 
parallel  was  not  clearly  defined*  The  purpose  of  these  tests  was  to  deter- 
mine  current  sharing  and  switching  characteristics  for  parallel  operation  of 
power  translators* 


Conclusionsi 

The  results  of  the  transistor  tests  did  illustrate  the  feasibill'ty  of 
utilizing  sendoonductor  devices  in  psrsHsl  operation  for  Mgh  power  appll- 
catlono  The  frequent  response  figures  pointed  out  that  the  transistor  out* 
puts  wars  slmoet  exact  representations  of  the  input  for  various  frequencies* 
Cowpsrlng  the  ft’eqoenqy  respcmse  oscillographs,  one  can  see  that  lei^s  dis-> 
tortion  existed  at  100  and  200  KC  than  at  800  KC*  It  was  concluded  that  the 
transistor  oapsoitanoe  created  this  problem*  In  the  final  design  a  semi- 
ccaductor  would  be  ehoaen  idiieh  has  the  proper  characteristics  for  the 
selected  design*  By  observation  of  the  data  in  Table  28  and  Figure  108  it 
can  be  seen  that  conditions  can  be  created  which  will  cause  the  paralleled 
units  to  share  currant  equally*  In  summation,  it  can  be  said  that  the 
characteristics  of  parallel  transistor  operation  were  defined,  and  the  results 
demonstrated  their  feasibility  for  power  applications* 
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TIBLS  ta 

CURRENT  SHiRDC  RESULTS 


UNIT 

HO. 

1. 

2. 

3. 

h* 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

Ih, 

15. 

16. 

17. 

18. 

19. 

20. 
21. 
22. 
23. 

2li. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

35. 


resistance 

(re-»  rf)(oh]iB) 

0.182 

0.181 

0.183 

0.180 

0.180 

0.180 

0.179 

0.179 

0.183 

0.181 

0.179 

0.175 

0.178 

0.179 

0.179 

0.181 

0.181 

0.181 

0.180 

0.179 

0.180 

0.182 

0.182 

0.177 

0.177 

0.180 

0.182 

0.181 

0.179 

0.178 

0.179 

0.180 

0.182 

0.181 

0.180 


VOLTAGE  AT  35A 
(Volta) 

0.180 

0.180 

0.185 

0.178 

0.178 

0.178 

0.178 

0.178 

0.185 

0.183 

0.180 

0,172 

0.175 

0.175 

0.180 

0.180 

0.178 

0.180 

0.181 

0.182 

0.182 

0.185 

0.183 

0.180 

0.180 

0.180 

0.185 

0.182 

0,180 

0.180 

0.180 

0.183 

0.185 

0.18a 

0,18a 


VOLTAGE  AT  7QA 
(Volta) 

0.355 

0.355 

0.360 

0.355 

0.355 

0.355 

0.355 

0.355 

0.362 

0.360 

0.358 

0.350 

0.350 

0.350 

0.360 

0,361 

0.360 

0.360 

0.363 

0.365 

0.365 

0.368 

0.365 

0.362 

0.362 

0.362 

0.368 

0.360 

0.355 

0.356 

0.356 

0,360 

0.365 

0.365 

0.36a 
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TEST  PROCSDOaS 


The  tests  were  ail  directed  to  prove  feasibility  of  power  switching  and 
proper  current  sharing.  To  illustrate  current  sharing  the  emitter  resistance 
and  voltage  of  all  xmits  in  parallel  was  recorded  for  a  given  incut  voltage 
and  frequency.  Also,  the  waveform  of  12  sample  units  (out  of  35)  was 
obtained.  The  latter  was  to  insure  equal  turr.-on-time.  Frequency  response 
tests  were  also  performed.  These  consisted  cf  holding  a  constant  output  with 
a  variable  input  frequency  and  recording  the  emitter  signal  with  various  com¬ 
binations  of  parallel  devices. 

In  Tabic  one  can  observe  the  current  sharing  test  results.  This  test 
served  to  pr<>ve  that  each  semiconductor  was  carrying  apprcacimately  the  same 
amount  of  emitter  current.  Thirty-five  units  were  switchetl  on  and  the 
collector  voltage  was  set  at  a  negative  25  volts,  A  negative  DC  input  was 
adjusted  until  the  load  current  was  35  anqseres.  The  value  of  emitter  poten¬ 
tial  was  then  recorded.  This  was  done  again  for  a  load  current  of  70  aiqperes. 
From  the  data  of  emitter  voltage  and  resistance  an  emitter  cun*ent  was 
obtained  for  each  device.  In  comparing  these  values  it  was  demonstrated 
that  the  semiconductors  were  sharing  current  properly. 

Data  for  Figure  106  was  obtained  in  approximately  the  same  manner  as 
above.  In  this  case  the  only  change  was  the  DC  input  was  removed  and  a  50 
KC  square  wave  was  inserted.  Sample  waves  are  shown  in  the  illustration  to 
demonstrate  that  each  device  had  approximately  the  sae  rise  time.  This  was 
to  insure  that  individual  units  were  not  drawing  more  current  than  others  in 
the  transient  period  between  off  and  on.  Since  all  the  signals  appeared 
similar,  it  was  believed  that  twelve  samples  would  bo  sufficient, 

Py  observation  of  Figures  109  through  111  one  can  see  the  frequency 
characteristics.  In  these  tests  the  input  frequency’’  was  varied  from  10  to 
?00  kilocycles  per  second  for  five,  ten  and  twenty  parallel  units.  The 
waveforms  of  frequency  response  are  shown  in  s  similar  manner.  In  each 
Figure  At,  Ci,  and  are  the  inputs  to  the  parallel  group.  Also, 

^2»  ®2>  ^2»  represent  the  emitter  signal  with  approximately  one 

angjere  per  device,  Aj,  Sj,  C-,  and  Dt,  are  emitter  signals  with  about  two 
amperes  per  device,  it  was  intended  that  the  oscillographs  shown  would 
demonstrate  switching  time  and  effer  a  comparison  between  input  and  cutput 
wave  forms. 

In  the  figures  of  frequency  response  a  certain  amount  cf  ringing  was 
detected  at  tum-on  end  turn-off.  This  was  attribited  to  inductance  in 
the  long  connection  leads  of  the  test  set-up,  A  final  design  would  have 
proper  component  placerient  and  added  capacitive  reactance  to  compensate  for 
any  inductive  components  in  the  circuit,  «  slight  blurr,  as  shown  in 
Fi^pire  111  (A3)#  appears  on  some  cf  the  oscillographs.  This  came  about 
from  the  switching  of  external  environmental  test  equipment  in  the  immediate 
area  causing  transient  loads  on  the  Lnput  .oower  at  the  instant  the  photo 
was  taken. 
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The  transient  oT«r>8hoot  spikes^  as  sboim  in  FS^ors  109B  (il)^  vara 
a  rsaolt  of  fast  rise  tins  In  conjunction  tbs  transistor  intamaX 
oapaoitanea*  Tbese  spikes  were  dioicished  as  ths  emrent  through  the  device 
was  increased*  This  can  be  seen  bj  cenparing  Figure  109B  (C2)  and  (C3)* 
ilso,  since  the  spikes  did  appear  on  the  Input,  another  remedy  would  be 
the  addition  of  zener  diode  clipping  networks  on  the  input* 

It  was  obaerred  that  the  output  wee  a  closer  approxiiRation  of  the 
input  for  larger  emitter  currents.  This  can  be  seen  by  comparing  signals 
1,  2  and  3  of  the  frequency  reeponse  figures*  It  is  believed  this  resulted 
from  an  increase  in  current  causing  ths  transistor  to  be  operating  in  a 
mors  linear  region  of  its  operating  characteristics* 

In  coeparison  of  the  oscillographs,  it  was  observed  that  as  the  number 
of  devices  in  parallel  was  increased  the  Input  waveform  was  distorting, 
and  in  turn,  the  output  did  too*  Ihis  was  a  result  of  the  input  iji^dance 
of  the  parallel  networks  decreasing  sk  the  nunber  of  dovlces  was  increased 
which  caused  a  mls-mateh  of  the  driver  output  impedance  to  the  network 
input  InpBd.i^e*  Proper  in^dance  matching  in  the  final  design  would 
this  situation,  on^'e  s  frequartcy  was  decided  upon* 
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TEST  SETUP 


The  circuit  schematic  used  for  these  tests  is  shown  i;i  '“‘jgure  112*  The 
transistors  were  2N1907  from  Texas  Instrmwnts#  A  brief  description  is  as 
follows:  An  input  from  a  square  wave  generator  is  directed  to  a  driver  cir¬ 
cuit  idiere  current  anqplification  is  obtained,  Varial'p  capacitor  Cl  is  for 
the  purpose  of  speedix^  up  the  rise  tine  of  the  square  wave  for  different 
input  frequencies.  Capacitor  C2  was  to  decouple  ary  AC  signals  from  the  DC 
supply.  The  square  wave  was  thei  directly  coupled  to  the  parallel  transistors 
through  a  bank  of  six  switches.  Switches  were  used  in  order  that  different 
parallel  combinations  could  be  obtained,  A  common  connection  was  made 
between  all  the  soniconductors  to  one  coienon  load^  and  the  other  side  of  the 
load  went  to  the  negative  terminals  of  the  DC  supply.  All  emitter  resistances 
were  connected  to  a  conitton  point  which  was  returned  to  the  positive  terminal 
of  the  DC  supply. 

The  emitter  resistances  (R^)  were  constant  for  all  transistors,  A  value 
of  0,1  ohms  was  used.  In  order  to  insure  current  sharing,  the  base  resistance 
(Rb)  for  each  device  was  fixed  at  a  value  dependent  upon  each  specific  ampli¬ 
fication  (B)  factor.  The  circuit  shown  below  was  used  to  determine  this 
resistance. 


Rb  was  adjusted  for  a  current  of  one  m^re  in  the  emitter  leg.  This  was  cone 
for  each  unit. 

Figure  113  illustrates  the  completed  layout  used  for  the  test.  Base 
resistors,  emitter  resistor  and  switches  were  mounted  on  a  separate  bread¬ 
board,  Connections  are  then  made  to  transistor  sockets  mounted  on  a  copper 
plate.  The  transistors  are  then  inserted  into  the  sockets  from  the  back 
sidi  the  plate.  Copter  tubes  were  brazed  to  the  copper  plate  between 

the  semiconductors.  These  tubes  were  connected  to  two  manifolds  for  the  pur¬ 
pose  of  conducting  water  to  cool  the  devices.  Since  the  cooling  plate  was 
copper,  the  units  wore  mounted  directly  to  the  plate  and  the  plate  was  used 
as  the  common  collector  connection. 

Figures  llii  and  115^  show  the  corqjlete  bench  setup.  The  carbon  pile  load 
is  shown  in  the  foreground  of  Figure  110,  Table  29  lists  the  Ijnstrumontation 
utilized  for  the  tests.  All  equipment  was  calibrated  prior  to  starting  of 
tests.  It  was  believed  that  this  setup  would  prove  sufficient  to  define  the 
parallel  operating  characteristics  desired. 
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TABLE  29 

test  INSTKJMEBTATION 


IKSTODK^ 

mandfaciurer 

MODEL  MTMBER 

l^TgD  ACCURACr 

V.T.V.M. 

Havlett-Paekard 

lilOB 

3^  of  full  scale 

Wheatstone  Bridge 

Leeds  &  Northrop 

T5T)e  RN 

1^  of  full  scale 

Oscilloscope 

Tektronix 

Type  535 

3%  of  full  scale 

Square  Wave  Gen¬ 
erator 

Hewlett-Packard 

21U 

D,C,  Power  Supply 

Con  Avionics 

T  50-2 

D*C*  Power  Supply 

NaJ«£.  Corp, 

CR- 36-20 

0*0 «  Power  Supply 

Generator  Equipment 

R300-28 

0«C«  Ammeter 

Westlnghouse 

Type  NX-35 

2$  of  full  scale 

Differential  D,C,- 
A,C,  Voltmeter 

John  Fluke  Co. 

803 

♦  0.05$ 
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i* Igure  11^4.  Test  Setup  Showing  Transistors  and  Instrumentation 
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SECTIOH  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 


CONCLUSIONS 

Conclusions  reached  at  the  end  of  the  study  prograa  are: 

1.  Three  techniques  are  feasible  for  converting  SNAP  8  (60  K^O  and 
SPUR  (300  KW)  types  of  power  to  high-voltage,  high-frequency 
power  suitable  for  electromagnetic  engine  use. 

a.  Static  transistor  technlqties. 

b.  Static  tube  oscillator  technlq\ie. 

c.  Motor-generator  unit. 

2.  Of  the  three  techniques  analyzed  during  the  program,  the  static 
transistor  converter  was  lightest  in  weight  and  most  efficient, 
as  shown  in  Figures  1  and  2  in  the  Program  Summary  section. 

3.  The  motor -gene rat or  concept  is  competitive  with  the  static 
transistor  unit  at  the  50  KC  frequency,  but  becomes  less 
appealing  at  the  higher  frequencies. 

4.  The  static  tube  converter  concept  possesses  both  high-voltage 
and  high-frequency  capabilities.  Ihe  overall  efficiency  of  the 
tube  system  is  below  the  design  objective  and  Inherent  limita¬ 
tions  of  vacuum  tubes  prevent  much  io^rovement  in  this  area. 

There  is  doubt  as  to  the  reliability  of  such  a  system  in  a  space 
environment. 

5.  It  is  possible  to  produce  the  high-voltage,  high-frequency  power 
(10,100  volt,  50  KC  to  200  KC)  using  an  electromagnetic  generator 
driven  directly  from  a  turbine.  The  technique  Involves  use  of  a 
high  speed  (up  to  30,000  rpm)  solid-rotor  machine  in  which  the 
field  windings  are  mounted  in  the  stator  section.  Effleleneles 
of  this  type  of  generator  fall  in  the  92  to  95  per  cent  range 
and  weights  are  below  the  design  objective  of  1,000  pounds. 

Specific  data  is  shown  in  Figures  3  and  6  in  the  Program 
Summary  section. 

AWIAS  FOR  FUTURE  RESEARCH 

ri'ATIC  TrULNSI.'.TOR  CONVERTER 

V»;ry  pr*-*limlnnry  tests  performed  in  the  experimental  portion  of  the  pro- 
L,rarn  to  determine  the  response  of  transistors  in  parallel  verified  the  power 


chopper  technique.  Arees  recoiwiended  for  research  includes 

1.  FHurther  testing  on  the  laboratoiy  test  speeinens  to  detendne 
maxlnum  safe  output  levels  for  the  power  transistors  and  to 
determine  (as  much  as  possible)  the  reliabilitj  of  the  units 
in  continuous  operation. 

2.  Building  of  a  converter  unlt^  60  KVT,  if  po5sible,  using  the  latest 
silicon  power  transistors  in  a  proto ^Tpe  of  the  unit  detailed  in 
the  report.  (The  test  specimens  used  lower  priced  germaniu* 
transistors.)  Test  this  unit  with  a  specific  engine  load  to  deter¬ 
mine  load  matching,  power  handling,  effect  of  transient,  throttl¬ 
ing  and  other  integrated  ^stem  characteristics. 

3*  Analyze  the  i">wer  chopper  technique,  as  analyzed  in  the  stu^jr 
for  an  electroTnagnetic  engine,  for  possible  use  in  an  AC  to  DC 
converter  for  Ion  engine  use. 

STATIC  TUBE  COtmRTiH 


Research  in  tube  power  converters  should  be  performed  in  the  following 

areast 

1.  Optimizing  a  tube  power  converter  to  a  specific  existing  electro¬ 
magnetic  propulsion  engine  design.  The  high-frequency  power  for 
most  known  electromagnetic  propulsion  engine  research  todiy  is 
furnished  by  laboratory  type  r-f  generator  systems, 

2,  Building  a  prototype  (breadboard)  of  a  tube  power  converter  (scaled 
down  perhaps)  to  natch  a  specific  existing  electromagnetic  pro¬ 
pulsion  engins  and  testing  to  verif^y  load  matching,  power  handling, 
and  other  characteristics  of  the  Integrated  system. 

^"OTOR-GERSRATOR 

Research  proposed  in  this  area  includes! 

1.  Gilding  of  a  breadboard  60  KW  motor-generator  unit  to  produce  a 
10,100  volt,  50  KC  output  using  the  solid-rotor  technique  analyzed 
during  this  stu(^  and  detailed  in  the  report.  Research  on  materials, 
including  bearing  and  seals,  has  proceeded  to  the  point  where  this 
type  of  machine  is  feasible  for  a  60  KW,  high-frequency  design. 

(Machines  at  this  power  level  at  1  -  3  KC  are  presently  under  develop¬ 
ment). 

HIGH  FR£QUE?fCT  GEIJERATOR 

Research  in  the  area  of  high-frequency  generator  tecJiniques  really  parallels 
any  work  that  ”’ight  be  performed  in  the  area  of  a  high-frequency  motor-generator 
research.  Specific  research  which  should  be  performed  in  either  area,  and 
which  would  benefit  both  Is: 
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1,  Building  a  high  speed,  rultl-pole  generator  unit  using  a  solid- 
rotor  technique  to  produce  a  high-voltage,  high-frequency  output* 
Such  a  unit  would  prove-out  the  high  frequency  capability  of 
such  a  concept.  Hith  bearing,  seal,  magnetic  material,  and 
other  component  technologies  now  available  for  use  in  this  type 
of  generator,  a  prototype  unit  could  quite  easily  be  built  for 
test  and  evaluation* 
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APPENDIX 


TRAI'^FO’ITSR  DESIOT  TECHNIQPES 
AJIALISIS  OF  SCR  POWER  CONVERTER 


TRAi:SISTOH  POWER  CAPAHTUTIES 


TRAISFORKER  DESIW  TECHNIQDES 


•mimmmi  msim  factors 

Tfie  ke7  fflctors  in  power  transfomar  deeign  are  the  aeleetloo  of  a 
core  or  laif^ation,  the  distribution  of  cere  and  copper  losses,  and  tbs 
purposeful  design  for  the  temperature  idse  and  regulation  requlrenents* 

Core  Design  of  the  transformers  to  be  used  in  these  power  conrerter 
concepts  has  been  based  on  a  core  type  of  device  using  laminations  of 
the  following  material  typest  (See  section  of  Materials  for  additional 


information}* 

Silicon  -  Irwi 

(1  mi) 

1-3  ic 

HXMU  80 

(1  mi) 

50-800  KC 

Ferrite  cores  have  been  considered  for  use  in  this  applloation, 
but  they  are  limited  because  of  their  low  Curie  temperature# 

Basle  construction,  both  1-phase  and  3‘*pha8e  is  as  shown  in  Flgnr# 

8h«  The  coolant  tubes  are  mounted  flush  with  the  core  and  tend  to  fill 
the  gap  between  the  winding  and  the  core*  For  any  given  application, 
reduction  of  the  cross-sectional  area  of  the  core  requires  a  related 
increase  in  the  number  of  turns  of  wire  to  produce  the  sane  flux  density. 
This  has  a  number  of  consequences*  The  core  window  area  nust  be  increased 
to  accomodate  the  larger  number  of  turns*  The  weight  of  wire  and  wire 
losses  increas  while  the  weight  of  iron  and  core  losses  decrease*  A 
square  cross  section  area  has  been  assumed* 

Laminations  -  In  order  to  reduce  the  edd|y  current  losses  within  the  trans- 
fomer  cere,  it  is  necessary  to  use  a  core  of  thin  laminated  msterlal* 
Lamination  thicknesses  as  low  as  1/6  Mil  have  been  used  in  cennunioation 
work,  and  in  this  way  magnetic  cores  can  be  obtained  *^hat  have  fairly  low 
loss  even  at  high  frequencies*  One  mil  landnations  are  considered  in  these 
transformer  designs*  Additional  tests  should  be  perfonied  on  cores  using 
available  half -mil  lamination* 

Louses  -  v;ith  the  flux  densities  fixed  in  core  and  copper,  the  minimum 
total  loss  transformer  is  the  one  for  which  the  core  loss  is  approximately 
equal  to  the  copper  loss  at  full  load*  Such  a  transformer  will  haro  max- 
irnim  efficiency  at  full  load* 

The  loss  per  pound  for  the  transformer  cores  have  been  determined 
from  Figures  90  and  91  for  each  of  the  designs*  Copper  loss  has  bean 
directly  calculated  In  each  instance  from  the  winding  resistances  and 
current  through  the  winding* 

De^ljn  Sqnations  -  Fl’uc  densities  for  each  of  the  transformer  designs 
were  taken  as  90,000  lines  (13,7^0  gauss)  for  the  1  and  3*2  KC  designs 
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and  15,000  lines  (  2330  gauss  )  for  the  $0  KC  to  800  KC  design.  Current 
density  in  the  copper  windings  wee  established  at  i500  omperes/sq.  in. 

Transfonner  design  has  been  based  on  the  following  equation! 

The  induced  roltage,  E  -  li».Ul*(f)(t)BA^10“®Tolte 

I’-  (A)(ae)  (2) 

where  f  -  frequency  (cpe)  A  -  1500  amperos/sq.in, 

t  ■  number  of  turns  B  ■  flux  density  (llnes/sq.in.) 

Sq  ■  conductor  cross  sectional  area  ■■  area  of  core  section 

I  •  current  (amperes) 

In  the  design  of  each  transfonwr,  0t  was  easily  derived  when  the  turns 
ratio  was  established  by  the  voltage  requirements  and  the  converter  ft  equency 
was  selected.  Total  flux  bseoa»st 

ft-  th  «  10*  Umi  (3) 

Where  "high  voltage  and  tjj  •  number  of  turns  in  hi^ 

voltage  eoll 

With  0^  known,  Aq  was  datamined.  The  current  in  the  high  voltage 
winding  was  determined  by 

In  ■  KVA  X  10“^  amperes  (li) 

And  in  the  low  voltage. windings^ 

Ijj  -  tjj  X  Iji  amperes  (5) 

tj 

The  cross  sectional  area  of  the  conductor  for  the  high  voltage  and  low 
voltage  windings  is 

®ch"  ^h  (W.8'>)  (6) 

T” 
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aq.in.  (low) 


(7) 


’cl - 

A 

To  obtain  the  desired  ratio  of  core* loss  to  copper  los8|  core  window 
dimensions  were  chosen  to 

h  A  -  3 

where:  h^,  •  window  height  and  ■  window  width 

The  copper  space  factor,  tg  that  is,  the  ratio  of  the  net  copper  area 
in  the  window  to  the  area  of  the  window,  varies  with  the  capacitj  of  the 
transformer  and  with  the  voltage  of  the  windings.  Values  for  f^used  for 
various  transformers  in  designs  was  ,36  for  the  three  phase  designs  and  ,12 
to  ,16  for  the  single  phase  designs. 

For  single  phase  transformers,  the  area  of  the  window 

hy  Wj,  -  8q,ln,  (8) 

^8 

and  for  three  phase  core  type  transformers 

hy  Wy  •  ■* chi^^  8q,ln,  (9) 

^8 

Coro  weight  is  calculated  then  from  the  volume  of  the  core  block  minus 
the  volurw  of  the  window  area  times  the  speoifie  density  of  the  core  material. 
Wire  weight  was  easily  calculated  by  multiplying  turns  by  the  mean  diameter 
of  a  single  turn  times  cross-sectional  area  of  the  wire. 

As  discussed  earlier  in  the  section  of  Transformers  in  the  preliminary 
concept  portion  of  this  report,  the  frequency  level  at  which  power  is  trans¬ 
formed  plays  a  significant  part  in  determijiing  the  weight  of  a  traneformar. 

In  each  of  ti^e  converter  design  concepts,  the  voltage  transformation  (step-up) 
was  made  after  the  frequency  change,  in  order  to  gain  the  weight  advantage  wUoh 
comes  with  transformation  at  the  higher  frequenciea.  In  the  converter  designa 
where  a  power  suppl;^'^  jn  the  output  stage  was  required,  the  transformer 
weight  \taa  s  significant  part  of  the  total  weight. 
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SCR  mooacr  foubr  coNmm 


A  60  W  SCR  COWVgRTBR  PPIOi 

A  tSlieoB  ooniroUad  r«otlf lar  poww  eonrarter  la  thoim  in  Tignra  116« 
RiraatUdn  data  la  amnarlaad  in  TaUe  30#  Tha  daaign  of  tba  SCR  oomrartar 
ia  baaad  on  fraa  raming  po«ar  e^<qppar•  Tha  daaign  waa  baaad  on  tha 
fhtiira  availability  of  an  SCR  capable  of  awitching  1^  anparaa  of  eurxant 
and  abU  to  vithatand  blocking  Tbltagaa  up  to  600  volta* 

Tha  b3«6/7^*8,  1,000  qfcla  poaar  ia  appllad  to  tba  full  wave  brldga 

ooapoaad  of  ttodaa  to  CR6«  Tba  polaating  DC  ia  anootbad  tgr  filter  eboka 
I],  and  oapacitora  Cx  and  C2«  The  filtered  DC  la  then  appllad  to  the  aiK>da  of 
CR7  to  GRID  through  tba  current  balancing  reactor  L2*  application  0/  tha 
DC  voltage,  capacitor  C2  atarta  to  charge  through  reaistor  Rx  toward  the  applied 
▼oltage  level*  When  the  voltage  aoroaa  C2  reaches  the  breakdovn  value  of  1^, 

Dx  atarta  to  conduct  ai^lying  a  positive-going  pulse  to  the  SCR*^a  CBl  to  GRIO 
gates,  causing  then  to  conduct*  lbs  load  currant  (600  aapa)  ie  ai^lied  ^trough 
the  prinsi^  of  to  tha  ground  returns*  At  the  sane  instant  CR?  to  CRIO 
atarta  to  conduct,  capacitor  C^  starts  to  charge  through  resistor  R^*  Whan 
the  Toltaga  across  C3  reaches  the  breakdoim  value  of  D2,  D2  starts  to  conduct 
applying  a  negativa-^lng  pulse  to  SCR  CR7  to  OHIO  gates  o^ing  then  to 
return  to  their  blocking  state*  ,  The  cycle  then  repeats  at  a  rate  detendnad 
by  the  charging  tine  constant  of  C2-HX  ond  C3-R2*  Resistors  83-8^  are 
Inserted  in  the  SCR  gate  circuit  to  insure  tMt  each  SCR  will  turn  on  at 
tha  sans  tine*  Inductor  I2  ^  force  each  SCR  to  share  the  sane 

anount  of  currant* 

Tba  frequency  llnltation  of  present  SCR  devices  is  such  as  to  prevent 
oparatl<m  in  excess  of  35,000  cps*  However,  it  is  anticipated  that  future 
develqinients  In  semi-oonductor  technclogy  will  juroduce  SCR*e  capable  of  operat¬ 
ing  freqaenolea  approaching  1,000,000  epe* 

CoBparlson  of  SCR  Static  Converter  and  tha  Transistor  Static  Converter 

A  oompari8<m  of  the  SCR  static  converter  with  the  transistor  oonvex*ter 
for  s  60  KW,  50  KC,  10  unit  shows  thit  the  SCR  converter  is  approxlnately 
20  pounds  heavier*  Additional  weight  ie  due  to  the  current  balancing 
reactor  required  to  assure  equal  current  dirieion  between  SCR*s*  The  SCR 
converter  is  nore  efficient  than  tha  transistor  converter  due  owinly  to 
the  fact  that  SCR* a  ere  capable  of  handling  more  power  per  device  than 
transistors*  However,  the  transistor  is  capable  of  higher  operating  fra- 
quenoies* 

Tha  SCR *8  used  in  the  converter  design  are  presently  not  available,  but 
should  be  svallable  in  the  near  future*  An  exaidnation  of  the  SCR  preXiidn- 
aiy  echematiee  shows  that  tha  SCR  converter  oontaizui  a  lot  less  components  than 
tha  transistor  converter,  and  therefore,  ehould  be  more  reliable* 

A  few  basic  design  differences  between  the  SCR  and  transistor  converters 
exist  idiloh  effect  the  number  of  components  used*  The  frequenqr  stability 


IKPUT 

4S.6/YS.SV 


I 


C4 


0.2$uf 
0.50  V 


1/2W 


Re 
20  n 
1/2W 


eooA 


n’ 

lo.jnov 

6  AMK5 


0.25  u! 
0,50V 


Figure  116«  Scheratic  of  60  KV;,  ^0  KG  3CR  Inverter 
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COMPOMESIS 

vr  -IBS 

LOSS  -UATTS 

Power  Supply 

6 

Bectif  ier  Seaicockhiotar 

3.0 

UOiO. 

2 

Capaeitor,  Filter 

.5 

— 

1 

Filter  Choice 

18.0 

3520. 

Switetiixig  Section 

6 

Bealator 

.Cl 

3. 

2 

Capacitor  1\mlBC 

.3 

— 

Uodeaf  Breakover  (Shoeldqr) 

.2 

0.5 

1 

franaf  oraer  Oatpat 

13.0 

680. 

6 

Silicon  Controlled  Beetlfier 

3.0 

600. 

1 

Current  Balancing  Reactor 

8.3 

600. 

Mounting  Plate  &  Bncloanre 

35.0 

Cooling  Dncta 

3.0 

Controla 

10.0 

Wire  &  Hardware 

18.0 

TOTALS 

172.3 

681*3.5 

of  the  transistorized  converter  is  controlled  hf  an  oscillator  whereas  the 
SCR  converter  frequencj  is  controlled  by  the  charging  and  discharging  of  an 
RC  network*  If  extreme  frequency  control  were  required,  the  SCR  converter 
could  esqjloy  an  oscillator  similar  to  the  one  used  in  the  transistorised 
conveirter,  thereby  increasing  the  total  component  count* 


TRA)BISTOR  POWER  CAPIBHITOB 


Th«  dMign  of  the  tranaistorizad  pouar  coorartar  vaa  baaad  on  tha 
arallabill^  of  i  transistor  eapabla  of  switching  100  airps  of  eorrant 
with  a  Toltaga  rating  of  $00  volts  and  a  fraquan^  capabili^  of  1 
negacyela.  Although  this  type  of  device  is  not  presently  on  the  aarkat 
it  should  ba  availabla  in  5  to  7  years  through  nomal  development*  Cco- 
sultation  with  several  of  the  leading  transistor  research  anginaara  has 
lad  tc  the  ccnclusion  that  these  devices  can  ba  made  availabla  sooner  with 
an  accelerated  development  program.  The  problems  associated  with  develop¬ 
ment  of  these  devices  are  discussed  in  the  section  which  follows. 

The  mesa  transistor  developed  in  19^6  initiated  high-frequency  power 
transistor  development,  and  although  it  has  largely  been  replaced  by  the 
planar  configuration,  the  mesa  type  of  transistor  still  has  the  inportant 
advantage  of  high-voltage  and  high-current  capabili^.  First,  high 
collector  breakdown  voltage,  difficult  to  realize  in  shallow  planar  devices 
is  readily  obtainable  in  the  larger  mesa  Junctions.  Secoxuily,  by  com¬ 
parison  with  planar  Junctions,  substantially  larger  mesa  Junctions  areas 
are  econordcally  feasible  d\ie  to  their  relative  freedom  from  contamination- 
induced  defects  such  as  phosphorus  "pipe.”  Figure  117  shows  the  power 
frequency-matorial  interrelationship  (1963)  for  semiconductors.  Power 
capability  in  the  $0  -  800  KC  range  is  limited  to  a  1  KW  maxlfflum  (which  is 
the  product  of  voltage  and  current). 

If  we  review  some  of  the  basic  design  theories  of  power  transistors, 
we  find  that  the  theories  consist  of  the  original  Junction  transistor 
theory  of  Shockley  plus  a  collection  of  analysis  attempting  to  Improva 
upon  this  theory.  Most  of  these  theories  are  multi-dimensional  and  non¬ 
linear,  and  although  these  theories  serve  as  a  qualitative  guide,  they 
fall  short  of  a  precise  quantitative  theory. 

let  us  look  at  the  T-equivalent  oiroult  represintatlcsss  of  a  power 
transistor  as  shown  below. 


ri^-ure  1!17.  ’ 0W'’r-?'recuency-:'ater1  1  relationship  (1963) 

OcT? 


\h  can  irrite  an  expressicm  for  a  figure  of  laerit  of  a  transistor,  and 
If  we  use  tl»  power-gain  bandwidth  squared  product,  we  will  hame  an 
expression  relating  tl»  high  frequency  performance  of  a  transistor  to  the 
product  of  certain  device  parameters. 


where  »  low  frequency  gala 

r^*  3  emitter  parasite  resistance 

r^'  3  base  parasite  resistance 

»  collector  jxmction  capacitance 

26 

%  ■ 

t'  =  collector  resistance 
c 

BW  3  bandwidth 


f^  3  base  frequency 
f^  *  collector  frequency 
f^  3  emitter  frequency 


C  3  emitter  capacitance 


If  we  rewrite  the  equation  and  substitute  values  for  A-  +  f^  f 
the  equations  take  the  form  .  * 

I 

(  1  +  21fir^  2tiC^/^  r^ ) 
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tHils  expression  shows  that  the  frequency  response  Is  dependintt  on 
certain  RC  time  constants  in  the  T-equivalent  circuit. 

Now,  if  we  relate  the  geometry  of  a  device  to  its  effect  on  the  tran¬ 
sistor  peuameters, we  note  the  following  effects: 

1.  Far  high-current  density  the  active  volume  will  he  much  smaller 
than  the  total  available  volume  due  to  the  "edge  effect."  Ihe 
current  flow  will  be  concentrated  at  the  emitter  edge.  Therefore, 
the  major  power  dissipation  will  take  place  at  the  collector 
Junctions  opposite  the  emitter  edge.  The  active  cross-sectional 
area  of  the  transistor  for  high-current  densities  5.a  proportlcxial 
to  the  emitter  edge  length  2L  and  not  to  the  emitter  area. 

2.  Junction  capacitances  are,  to  a  first  order  approximation,  pro¬ 
portional  to  the  geometry  areas  involved,  and  are,  therefore, 
proportional  to  L. 

3.  ftirasitic  resistances  are  Inversely  proportional  to  the  cross- 
sectional  area  of  the  mterial  through  which  the  current  flows. 
Applying  the  geometry-parameter  relationships  to  low-power,  high 
frequency,  devices  with  linear  geometry,  or  interdlgitated  con¬ 
structions.  Tlie  scaling -up  process  is  limited  so  far  by  the  size 
of  a  semiconductor  Junction  that  can  be  produced  that  is  free 
from  contaminant -induced  defects. 

Now  consider  several  design  parameters  that  arise  from  the  foregoing 
considerations. 

1.  For  high  current  gain,  the  base  must  be  thin. 

2.  To  reduce  effects  of  high-current  density,  utilize  thin  bases 
with  low  resistivity  material.  Maintain  emitter  efficiency 
close  to  unity  by  means  of  heavy  emitter  doping. 

3.  For  lew  base  resistance,  the  base  Layer  should  be  thick. 

U.  For  high  collector  to  base  breakdown  voltage,  utilize  high 
resistivity  in  the  base  regions. 

From  these  considerations  we  notice  several  conflicting  parameters 
which  result  in  the  necessity  of  trading  off  high-voltage  for  high  current 
or  vice-versa.  Present  day  requirements  have  been  for  the  high  current 
capability.  Tlie  problem  of  obteining  Increased  power  handling  capabilities 
(higher  current  and  higher  voltage  in  the  same  imit)  can  be  solved  by  material 
processing  refinements  and  the  use  of  different  diffused  structures  such  as 
the  NPIN  structure. 
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